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ABSTRACT 
Agricultural runoff is a leading non-point source contributor to water quality impairment 
in the United States and is associated with eutrophication of surface waters. Phosphorus (P) is 
often the most limiting nutrient for eutrophication in freshwaters. The objectives of this study 
were to characterize the P forms in surface runoff from an agricultural field that has received 
long-term applications of liquid dairy manure and to determine the forms of soil P that occur 
within a sinkhole feature located within the application field. Three 21-m x 6 m bermed plots 
were established to collect storm water runoff from a portion of the study site which drains into 
the sinkhole. The runoff collected was analyzed for total P (TP), dissolved reactive phosphorus 
(DRP), total dissolved P (TDP), dissolved organic phosphorus (DOP), and particulate P (PP). 
Soils were sampled from various elevations within the sinkhole feature and were analyzed for 
TP, total organic P (TOP), Mehlich-3 extractable P, and the maximum P sorption capacity. The 
results showed a precipitous increase in TP of surface runoff  after manure application, from 2.2 
g ha
-1
 to 21.9 g ha
-1
. The majority of P leaving the field as runoff prior to manure application was 
associated with the PP fraction (63% of TP). Surface runoff from two rainfall events occurring 
after diary manure was applied consisted predominately of DRP (67% of TP).  Dissolved 
reactive P in runoff ranged from 0.02 to 0.2 mg L
-1
 before manure application and 7.1 to 17.1 mg 
L
-1
 after application. It has been reported that DRP concentrations in the low µg/L range can 
negatively stimulate aquatic vegetation growth in P-limited waters, which indicates the runoff 
leaving the study site has the potential to impair water quality. A statistically significant 
difference existed for soil TP concentrations at different elevations within the sinkhole feature, 
ranging from 3116 mg kg
-1
 in the base to 914 mg kg
-1
 in the higher elevations of the sinkhole. A 
slight increase in TOP concentrations from the base (407 mg kg
-1
) to the higher elevations of the 
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sinkhole (513 mg kg
-1
) occurred. The measured maximum P sorption capacity of soils within the 
sinkhole feature showed that these soils can potentially sorb between 284-379 mg kg
-1
 of P 
indicating that the soils are not P saturated and are capable of fixing additional P from runoff. 
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 CHAPTER I 
LITERATURE REVIEW 
Point Source vs. Nonpoint source 
The primary law protecting water quality in the United States first came about in 1948 
and was known as the Federal Water Pollution Control Act.  This act was completely revised in 
1972 (Copeland, 2001) and was further amended in 1977 to become more commonly known as 
the Clean Water Act (CWA).  The CWA provides the basic structure for the regulation of 
pollutants being discharged into the nation‟s waters (USEPA, 2009c). The purpose of the CWA 
is to “achieve the broader goal of restoring and maintaining the chemical, physical, and 
biological integrity of the nation’s waters so that they can support the protection and 
propagation of fish, shellfish, and wildlife and recreation in and on the water” (USEPA, 2008a). 
 The CWA authorized the National Pollution Discharge Elimination System (NPDES) 
permit program in order to limit and regulate pollutants being discharged into the nation‟s 
surface waters from point sources (USEPA, 2007a). The NPDES program established in section 
402 of the CWA (USEPA, 2003a) requires point sources to obtain a permit to legally discharge 
into surface waters and typically requires monitoring and regular reporting that describes the 
discharges. In the CWA, point sources are strictly regulated while non-point sources are 
“immune from important features of the act” (Houck, 1999). Point sources of pollution are 
defined in section 502 of the CWA as  “any discernible, confined and discrete conveyance, 
including but not limited to any pipe, ditch, channel, tunnel, conduit, well, discrete fissure, 
container, rolling rock, concentrated animal feeding operation, or vessel or other floating craft, 
from which pollutants are or may be discharged”  (USEPA, 2006a). Agricultural storm water 
discharges and return flows from irrigated agriculture are specifically excluded as point  
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sources (Houck, 1999). 
Non-point sources (NPS) of surface water pollution are not included in the point source 
definition in section 502 of the CWA and do not require permits. In general, NPS pollution 
comes from “land runoff, precipitation, atmospheric deposition, drainage, seepage, or hydrologic 
modification” and occurs when pollutants are carried by rain and/or snowmelt over and through 
the ground and deposited into lakes, rivers, estuaries, and oceans (USEPA, 1999). Non point 
source pollution is the primary cause of water quality impairment in the United States (USEPA, 
2008b), and agricultural runoff is considered to be a leading NPS of impairment on surveyed 
rivers and lakes. Agricultural activities that are the primary contributors of NPS pollution are 
grazing, plowing, pesticide spraying, irrigation, fertilizing, planting, and harvesting (USEPA, 
2008c). The major agricultural pollutants are sediments, nutrients, pathogens, pesticides, and 
salts (USEPA, 2008c).  
 Although the CWA has greatly reduced pollutant loads from point sources, it has not 
been effective in solving all of the nation‟s water quality problems. Nonpoint source pollution 
continues to be the dominate source of the nation‟s water quality impairments (USEPA, 1999). 
Thus, congress attempted to address NPS pollution in 1987 when it added section 319 to the 
CWA. Although Section 319 addresses NPS, federal regulatory authority to regulate NPS 
pollution does not exist (USEPA, 2003b). Instead, grants are provided for states, tribes, and 
territories for the development and implementation of voluntary NPS pollution management 
programs (USEPA, 2003b).  
Approximately 40% of the nation‟s waters are not clean enough for basic uses, such as 
fishing and swimming, due primarily to NPS pollution (USEPA, 2008b). About 9,414 stream 
miles of assessed waters in Tennessee are impaired or threatened (TDEC, 2008a). The causes of 
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water pollution in Tennessee are primarily sediment/silt, habitat alteration, pathogens, and 
nutrients (Figure 1). Pathogens, nutrients and sediment are the most common NPS pollutants 
nationally. Non-point source pollution from animal feeding operations (AFO) is a major 
contributor to water degradation. Animal feeding operations are defined as a “lot or facility 
where animals have been, are, or will be stabled, confined, and fed or maintained for a total of 
45 days or more in any 12 month period, and where crops, vegetation forage growth or post-
harvest residues are not sustained over any portion of the lot or facility in the normal growing 
season” (USEPA, 2000a). 
The animals in AFOs are generally fed rations instead of grazing in pastures (USEPA, 
2000a) and management practices can greatly affect the amount of pollution coming from a 
particular operation. Physical properties of the land, including vegetation, slope, and soil type, 
also determine the amount of NPS pollution that a site contributes (Tim and Jolly, 1994). Stream 
and riparian damage caused by animal grazing increases the amount of nutrients entering the 
waters and destroys riparian vegetation (Agouridis et al., 2005).  
Non-point source pollution problems are generally associated with watering, feeding, 
milking, and loafing areas of confined animals. Pathogens and nutrients from manure are a 
greater problem when these areas occur near streams and lowland lakes. Problems due to 
excessive nutrients are most critical in areas where the animals are allowed free access to surface 
waters and in the shaded areas of the pasture where the animals congregate (Krivak, 1978). 
Concentrated animal feeding operations (CAFOs) are AFOs in which “more than 1000 
animal units are confined at the facility; or has between 301 to 1000 animal units confined at the 
facility and pollutants discharge into waters of the U.S. through a man- made ditch, flushing 
system, or other similar man-made device, or pollutants are discharged directly into waters of   
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Figure 1: Causes of pollution in streams and rivers of Tennessee, 2008. (TDEC, 2008a).  
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the U.S. that originate outside of and pass over, across, or through the facility or come into 
direct contact with the confined animals” (USEPA, 2000a).  A livestock operation must meet the 
definition of an AFO before it can be defined as a CAFO. Concentrated animal feeding 
operations are required to obtain a NPDES permit because they are defined as a point source of 
pollution by the CWA (USEPA, 2008d; USEPA, 2003c). As part of the NPDES permit, CAFOs 
must develop and implement a nutrient management plan (NMP) (USEPA, 2003c). Nutrient 
management plans are developed by the CAFO owner to address manure handling, storage, and 
land application, and requires record keeping and feed management (USEPA, 2007b). 
Animal manure is a large problem concerning water quality impairment because the 
manure produced from AFOs can exceed the land‟s capacity to sequester the nutrients (Carpenter 
et al., 1998). Manure and wastewater from AFOs can contribute ammonia, nitrogen, phosphorus, 
organic matter, sediment, pathogens, antibiotics, and trace metals to surface water (Mancl and 
Veenhuizen, 2008). Excess nutrients are the main contributor to eutrophication, hypoxic and 
anoxic conditions, toxic and nuisance algal blooms, loss of biodiversity and microbial outbreaks 
(Pfisteria and Cyanobacteria). These algal blooms cause fish kills, foul odors, formation of 
trihalomethane during water chlorination, and unpalatability of drinking water (McDowell et al., 
2004; Carpenter et al., 1998). Nutrient enrichment degrades water quality and impairs its use for 
drinking, recreation, agriculture, industry, and other purposes (Carpenter et al., 1998).  
Water Quality Standards 
Section 305(b) of the CWA requires each state to address water quality issues within their 
state (TDEC, 2008a).  Goals must be defined for each water body by designating the 
waterbody‟s uses, setting criteria to protect those uses, and establishing provisions designed to 
protect the designated uses (USEPA, 2008e). Typically, streams are monitored by the Tennessee 
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Department of Environment and Conservation (TDEC) on a 5 year cycle rotating amongst 
watersheds basis.  The most recent reports are the 2008 305(b) Report The Status of Water 
Quality in Tennessee and Year 2008 303(d) List in accordance with the CWA as well as the 
Tennessee Water Quality Control Act.  
States have some choice in the way in which they approach to address water quality 
issues in order to fulfill the requirements set forth by the CWA. Tennessee chose to utilize the 
watershed approach to assess water quality because it considers both point sources and non-point 
sources within a particular watershed, focuses on water quality goals and ecological integrity, 
and promotes a timely and focused development of TMDLs and pollution control. Tennessee is 
composed of fifty-four watersheds that are divided into five groups according to the year they 
were implemented. These groups provide the structure for water quality permitting, planning, 
monitoring, and assessment in Tennessee (TDEC, 2008e). The watersheds located within 
different ecoregions in the state of Tennessee have different water quality criteria depending on 
the ecoregion in which the watershed is located. The water quality criteria for each ecoregion are 
representative of the least impaired stream for a particular ecoregion (TDEC, 2009). 
The water quality standard for Tennessee consists of three sections. The first section 
defines the designated uses for Tennessee‟s waters. The second section identifies the numeric 
pollution limits that will protect the stream‟s designated uses.  The last section is an anti-
degradation policy designed to protect existing water uses and prevent future water quality 
degradation, particularly for high quality water bodies. 
 Waterbodies in Tennessee are classified for multiple designated uses each of which 
having a different water quality standard that is set to achieve water quality goals for each 
specific waterbody. However, the most stringent criteria is the one that must be met regardless of 
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how many designated uses the waterbody may have (TDEC, 2008a; TDEC, 2008b).  At a 
minimum, all streams, rivers, lakes, and reservoirs in Tennessee are classified for protection of 
fish and aquatic life, and recreation, both public uses (TDEC, 2008a). For fish and aquatic life 
use the waters “shall not contain nutrients in concentrations that stimulate aquatic plant growth 
to the extent that aquatic habitat is substantially reduced and/or the biological integrity fails to 
meet regional goals of the particular ecoregion where the waterbody is located” (TDEC 
2008c).The nutrient criteria for fish and aquatic life are considered adequately protective for 
recreational uses (TDEC, 2008c). These two designated uses have the most stringent water 
quality criteria to meet.   
Total Maximum Daily Loads  
Waterbodies on the 303(d) list are prioritized for Total Maximum Daily Loads (TMDL) 
development (TDEC, 2008b). A TMDL is defined as “a calculation of the maximum amount of a 
pollutant that a waterbody can receive and still meet water quality standards, and an allocation 
of that amount to the pollutant’s sources” (USEPA, 2008f). A TMDL determines the allowable 
loads of a particular pollutant from both point and non-point sources. A TMDL can be explained 
by the following equation: 
TMDL= ΣLA + ΣWLA + MOS 
The ΣLA term refers to the sum of load allocations for existing and future non-point sources and 
the natural background levels of a particular pollutant in a stream. The ΣWLA term refers to the 
sum of waste load allocations for existing and future point sources and represents the 
contribution of specific pollutants these sources add to the stream. The MOS term refers to the 
margin of safety. The MOS allows for uncertainty in the loading estimates. The MOS can be 
provided explicitly by reserving a portion of the loading capacity, or it can be provided implicitly  
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through analytical assumptions (TDEC, 2008d; USPEA, 1999b). 
After a state establishes a TMDL for an impaired waterbody, it must be submitted to the 
EPA for approval. However, if the EPA does not approve the TMDL it then becomes the 
responsibility of the EPA to establish an appropriate TMDL. This aspect of the law was not 
enforced by states or the EPA until legal actions were brought by citizen organizations (USEPA, 
2008g).Total maximum daily load rules require states to establish a clean-up plan and schedule 
for the polluted waterbodies that must be completed within ten years with five-year extensions if 
needed. Furthermore, the EPA has requested that states give a higher priority to impaired 
waterbodies that are drinking water sources or habitat to endangered species. If the states feel 
that these waterbodies are not in need of higher priority, then they can justify their reasons to the 
EPA (USEPA, 2000b).   
The TMDLs submitted by states to the EPA must include key parameters such as the                                                 
 name and location of the waterbody, pollutant identification, acceptable amounts of the 
pollutant, load reduction need, waste allocation for point sources and NPS, and an 
implementation plan. The TMDL submitted must also include the MOS, seasonal variation 
considerations, and an allowance for the predictable future pollutant loads. The implementation 
plan will include a list of actions that are needed in order to reduce the pollutant loads as well as 
a time-line for the implementation of these actions. Furthermore, the implementation plan will 
include plans to revise the TMDL if progress is not being made in improving water quality of the 
waterbody. If practicable, run-off controls should be in place within five years after the 
development of the implementation plan (USEPA, 2000b).  
Nutrients 
The EPA has recognized nutrient pollution as a consistent source of water quality 
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impairment for well over a decade. The primary nutrients causing water quality degradation are 
nitrogen (N) and phosphorus (P), and agriculture is a dominate source of these nutrients 
(USEPA, 2008h; Parry, 1998). In excessive quantities, these nutrients can lead to the 
eutrophication of waterbodies. The EPA does not have P water quality standards for freshwater 
in the U.S., but there are numerical P water quality standards for marine and estuary waters. The 
standard for marine and estuary waters is 10 μg L-1 total P. Some states have developed their 
own water quality standards for P that are above that of the EPA criteria, while other states do 
not have P water quality standards in place. The numerical criterion that is developed is meant to 
prevent the growth of nuisance algae and aquatic weeds (Parry, 1998). The EPA drinking water 
standard for nitrate is 10 mg L
-1
, and 1 mg L
-1
 for nitrite (USEPA, 2006b). 
 Eutrophication is the enrichment of receiving waters with mineral nutrients and is a 
common surface water impairment in the U.S., accounting for approximately 50% of the 
impaired lakes and 60% of impaired rivers (Carpenter et al., 1998; Correll, 1998). Eutrophication 
causes restricted water uses for fisheries, recreation, industry, and drinking supply (Sharpley and 
Tunney, 2000).  
There are different tropic states that exist in surface water bodies. These states are: 
oligotrophic, mesotrophic, eutrophic, and hypereutrophic. Oligotrophic waters contain a low 
nutrient supply and have good water clarity. Mesotrophic waters are intermediate between 
oligotrophic and eutrophic states in terms of nutrient supply. Eutrophic waters are well nourished 
and contain high levels of nutrients. Hypereutrophic waters contain an excessive amount of 
nutrients (McDowell et al., 2004). Excess nutrients in water contribute to eutrophic conditions 
including algal blooms, such as Cyanobacteria, unwanted aquatic weeds, hypoxic and anoxic 
conditions, fish kills, and loss of biodiversity (Correll, 1998). Cyanobacteria (blue-green algae) is 
10 
 
the most prominent symptom of eutrophication in freshwater systems. Excessive Cyanobacteria 
promote foul odors, unpalatability of drinking water, summer fish kills, and formation of 
trihalomethane, a carcinogen, during water chlorination. When Cyanobacteria blooms die or are 
ingested by organisms, water soluble neuro- and hepatoxins are released. These toxins can kill 
livestock and have serious health effects on humans (Carpenter et al., 1998). High concentration 
animal production along with pollution from domestic and commercial development is thought 
to be responsible for algal blooms of Pfisteria. Pfisteria are toxic algae that are responsible for 
the death of millions of fish in rivers and estuaries in the eastern U.S. High phosphorus levels in 
streams are thought to promote the initial life stage of Pfisteria (Brady and Weil, 2002). 
Runoff from AFOs is a source of P that can potentially contribute to eutrophication. 
When algae and aquatic vegetation die they sink to the bottom where microbes start 
decomposing the organic material. This process uses up much of the dissolved oxygen in the 
water. The hypoxic (low oxygen) and anoxic (lack of oxygen) condition limits the growth and 
diversity of aquatic species, in particular fish. These areas of low to no oxygen are often called 
“dead zones” because only organisms that can live without oxygen reside in these areas. In 
extreme eutrophic conditions massive fish kills can occur (ESA, 2008; Brady and Weil, 2002). 
Most attention has been placed on controlling P inputs in surface waters even though carbon and 
N are also associated with accelerated eutrophication. This is due to the difficulty of controlling 
the exchanges of carbon and N between the atmosphere and water body as well as the ability of 
blue-green algae to fix N from the atmosphere (Sharply et al., 1995). 
Nitrogen 
Nitrogen is present in many different forms in the terrestrial atmospheric and aquatic 
environments (Figure 2). Nitrogen is found as inorganic N, organic N, or gaseous N. The  
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Figure 2. The nitrogen cycle (USEPA, 2009a). 
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atmosphere is composed of 78% gaseous nitrogen (N2), and is the largest N reservoir available to 
life forms. However, this form of N is not readily available for plant and animal uptake. 
Dinitrogen (N2) must be converted to other inorganic N compounds by N fixation, 
ammonification, or nitrification in order to be available for biological uptake.  The form of N in 
soils is strongly influenced by the presence of oxygen, water content, pH, and temperature 
(Brady and Weil, 2002; Flite et al., 2001).  
The N forms present in the terrestrial and aquatic environment are: N gas, 
ammonium, ammonia, nitrite, nitrate, and organic N (Brady and Weil, 2002). The most common 
form of N in manure is in the organic form. Ammonia is also present in manures, and volitization 
to the atmosphere poses environmental problems. This causes increased amounts of N in  
precipitation which causes excess N in waterbodies. Nutrient content of animal manures can vary 
with factors such as breed, climate, feed, age, health, and other factors. One average weight 
lactating dairy cow (635 kg; 1400 lbs) has a manure output of approximately 50.8 kg (112 lbs) of 
manure per day (NRCS, 1995).  
Different forms of N have different potential environmental impacts. Soils and plants are 
able to absorb small amounts of ammonia from the atmosphere. However, the ammonia in the 
atmosphere can lead to dry deposition of N to surface waters, or the ammonia can cause elevated 
levels of N in precipitation that is deposited into surface waters (Brady and Weil, 2002; NRCS, 
1995). The organic N associated with organic matter that is not converted into inorganic forms 
has the potential to be transported to surface waters by erosion or runoff. Nitrate leaching is a  
concern for environmental as well as health reasons. The negatively charged nitrate ions do not 
adsorb to soil colloids. Therefore, nitrate ions have the ability to move downward through the 
soil profile with drainage water or with runoff. Nitrate, which enters the groundwater through 
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drainage, can be a problem because it can contaminate domestic wells and eventually flow from 
groundwater to surface waters. Nitrates in surface waters can lead to eutrophication in lakes, 
streams, and estuaries (Brady and Weil, 2002). Seasonal variability of N cycling due to 
temperature differences can impact aquatic life and concentrations of dissolved oxygen (Tate et 
al., 1999). Nitrates in drinking water supplies above 10 mg L
-1
 can cause methemoglobinemia, or 
blue-baby syndrome, and nitrates have been linked to some forms of cancer (Flite et al., 2001).  
Phosphorus 
Phosphorus is a naturally occurring element. The primary source for this element is from 
natural phosphate deposits. Phosphorus is the 11
th
 most abundant element in the earth‟s crust. 
However, most soils contain only small amounts of plant available P and thus require 
supplemental P amendments for agricultural productivity.  Weathering, mining, leaching, and 
erosion are the contributing factors of releasing P from deposits. Additional sources of P entering 
the environment are fertilizer amendments (organic and inorganic forms), plant residue, animal 
wastes, and municipal wastes. In areas of intensive livestock and crop production, continual 
applications of P as manure and mineral fertilizer have been made at levels exceeding crop 
uptake resulting in high levels of total and available P in the soil. Tran and N‟dayegamiye (1995) 
reported that long-term manure and fertilizer applications significantly increased the inorganic 
labile and moderately labile P fractions in soil. Further, Somenahally et al. (2009) reported a 
clear distinction of higher soil test P concentrations in areas of manure application compared to 
that of areas that had not received manure application.  
Phosphorus loss from areas within a watershed can be increased by many human 
activities. Intensive livestock grazing, soil tillage, and the application of animal manures and 
fertilizers can impact P loss by surface runoff. Most of the P applied becomes fixed in plant 
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unavailable forms. Because of this it is common for farmers to apply 2 to 3 times the amount of 
P that is removed in harvested biomass. Another major problem concerning P management 
comes from the use of manure and biosolids applied to fields because these are most often 
applied based on rates to meet N requirements. The P in the manure applied to meet N 
requirements is likely to exceed plant requirements of P by 2 to 4 times. These practices have led 
to dramatic increases in the P content of soils. Areas receiving animal wastes are potential 
contributors to P loss due to runoff, leaching, and erosion into surface waters. Kleinman et al. 
(2002) noted a strong correlation between dissolved P concentrations in surface runoff relative to 
the amount of water soluble P in surface applied manure. Phosphorus is often the key limiting 
nutrient for aquatic plant growth in fresh water. Therefore aquatic plants can be sensitive to very 
minor increases in P. It is of high importance to manage P inputs because in P limited 
waterbodies eutrophication can be stimulated by P inputs in the low μg L-1 (parts per billion) 
range (McDowell et al., 2004; Brady and Weil, 2002; Higgs et al., 2000; Sharpley, et al., 1995).  
Like N, P has its own distinctive cycle in nature (Figure 3). Phosphorus-containing 
compounds are not directly toxic to humans and livestock like some nitrogen compounds, 
however. The main processes in the soil P cycle are: immobilization, mineralization, desorption, 
adsorption, plant uptake, runoff loss, and loss on eroded sediment. Phosphorus is often described 
in terms of dissolved and particulate forms. Dissolved forms refer to P that is soluble and can be 
dissolved in water. Dissolved P is primarily orthophosphate that is released from the soil, 
vegetation, fertilizers, and manure. This form is available for biological uptake. Particulate P 
(PP) refers to P sorbed to soil particles, mineral associated P, and insoluble organic P and is lost 
via erosion. This form can provide a long-term P source for aquatic biota. Phosphorus in soil is 
found in both organic and inorganic forms. The chemical species of P present in the soil solution 
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Figure 3. The phosphorus cycle (USEPA, 2009b). 
 
 
 
 
 
 
 
 
 
 
16 
 
are pH-dependent.  Plants are able to directly absorb some organic P compounds, but the amount 
absorbed is relatively low compared to that of inorganic phosphates.  
Soil Organic Phosphorus 
Organic P can be mineralized by the same process in which N is mineralized. Microbes 
are primarily responsible for the mineralization and immobilization process. The microbes 
convert the organic P forms into inorganic forms which are soluble and available for biological 
uptake (Brady and Weil, 2002; Sharpley and Withers, 1994). By this process, soluble organic P 
is the greatest supplier of P for plant needs in highly weathered soils. The relative amount of this 
form can differ greatly from soil to soil. Soil organic P is derived from plant residues, soil flora 
and fauna tissue, microbial biomass, and municipal and animal wastes that resist rapid 
hydrolysis. Most of the soil organic P remains uncharacterized. However, inositol phosphate, 
phospholipids, nucleic acids, and polyphosphates have been identified (Kuo, 1996). Organic P is 
distributed among the active, slow and passive fractions of the soil organic matter. The majority 
of P in soil solution and leachate in soils that have had large amounts of animal wastes applied is 
present as dissolved organic phosphorus (DOP). Generally, DOP is more mobile than soluble 
inorganic phosphates. This is of great concern for areas with high water tables because DOP in 
leachate can move with the groundwater to surface waters or be lost to surface waters by runoff 
and potentially contribute to eutrophication. Anderson and Magdoff (2005) found that repeated 
application of organic P sources to land could lead to a significant amount of DOP in leachate.  
Soil Inorganic Phosphorus 
  Inorganic P is present in the soil as the phosphate ions H3PO4, H2PO4
-
, HPO4
2-
, and 
PO4
3-
.  When these ions are dissolved in water they are referred to as dissolved reactive 
phosphorus (DRP). Soluble inorganic P supplies much of the plant available P in less weathered 
17 
 
soils. The H2PO4
-
 ion is the dominate anion in acidic soils while HPO4
2-
 is the dominate anion in 
alkaline soils. Both of these anions are equally available in neutral soil conditions. The H3PO4 
and PO4
3-
 ions are end members of the pH scale and are present only at the lowest and highest 
soil pH. Therefore, these ions are not present in most natural soil systems (Essington, 2003). 
 Fixation, or adsorption, of phosphate ions on the surface of soil particles is primarily 
responsible for the immobility of these ions in the soil. This makes the inorganic P ions relatively 
unreactive, and therefore less available for plant uptake. Fixation of P usually occurs within the 
first few hours after a soluble P source is added to soil and is generally irreversible. Aluminum 
(Al), iron (Fe), and manganese (Mn), as dissolved ions, oxides, or hydrous oxides, are involved 
in the fixation reactions in acid soils. These elements are often found as hydrous oxides coated 
on soil particles, or they can be found as interlayer precipitates in silicate clays. Phosphorus can 
also adsorb to iron impurities on clay and carbonate surfaces in alkaline and calcareous soils. The 
P fixation capacity of soils is the total number of sites on soil particle surfaces that are capable of 
reacting with phosphate ions through specific anion adsorption. The common way to determine 
the P fixation capacity of a particular soil is to combine a known quantity of soil with a solution 
of a known concentration of P and shake for approximately 24 hours to reach equilibrium. The P 
remaining in the solution is known as the equilibrium phosphorus concentration (EPC). The EPC 
is the concentration at which no further adsorption or desorption occurs. The difference in 
concentration from the original amount of P in solution and the EPC is representative of the 
amount of P fixed by the soil. This procedure can be repeated using different initial P 
concentrations in order to plot a P adsorption curve. Soils that fix more than 350 mg P kg
-1
 soil 
from solution are considered to be high P-fixing soils. These soils tend to have low levels of P in 
runoff.  
18 
 
Organic matter usually has a capacity to prevent P fixation. This happens because large 
humic molecules can adhere to clay and metal hydrous oxide particles. This masks the P-fixation 
sites and prevents the interactions of phosphate ions in solution. Organic acids produced from the 
microbial decay of organic matter can act as organic anions. These organic anions are attracted to 
the positive charges on clay surfaces and hydrous oxides. In this way the organic anions can 
compete with the phosphate ions for the fixation sites. Certain organic acids are able to entrap 
reactive Al and Fe in stable organic complexes. These complexes are called chelates, and these 
chelates make the Al and Fe unavailable for reaction with P ions, thereby reducing P fixation. 
Adsorption of inorganic P to soil particles greatly reduces the potential leaching or runoff loss, 
but minimal loss of P in leaching or runoff can still contribute a sufficient amount of P to 
stimulate eutrophication (Brady and Weil, 2002).  
 The tendency of certain elements in soils to precipitate insoluble P compounds has many 
consequences for P management due to these compounds being sparingly soluble (Brady and 
Weil, 2002). Inorganic P reacts with calcium (Ca), Fe, and Al to produce the sparingly soluble 
compounds (Kuo, 1996).  Phosphorus precipitation reactions differ from soil to soil and are 
related to soil pH. Precipitation of the various P compounds is most prominent at very high and 
very low soil pH. Calcium compounds are the dominate forms in alkaline soils and are more 
soluble in low pH soils. Calcium phosphate compounds are insoluble, and thus stable in higher 
pH soils. Therefore, calcium phosphate compounds are the dominate forms in neutral to alkaline 
soils. Iron and Al phosphate compounds are more prevalent in acidic soils and become more 
soluble in high pH soils. Phosphorus undergoes sequential reactions that produce P containing 
compounds that become increasingly less soluble (Table 1). These reactions in which P 
compounds become less soluble can take anywhere from months to years. These reactions  
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Table 1. Common soil inorganic phosphorus-containing compounds (Brady and Weil, 
2002).* 
Compound 
  
Formula 
    
Iron and Aluminum Compounds 
Strengite 
  
FePO4•2H2O 
Variscite 
 
AlPO4•2H2O 
  
  
Calcium Compounds 
Fluorapatite 
  
[3Ca3(PO4)2]•CaF2 
Carbonate Apatite 
  
[3Ca3(PO4)2]•CaCO3 
Hydroxy Apatite 
  
[3Ca3(PO4)2]•Ca(OH)2 
Oxy Apatite 
  
[3Ca3(PO4)2]•CaO 
Tricalcium Phosphate 
  
Ca3(PO4)2 
Octacalcium Phosphate 
  
Ca8H2(PO4)6•5H2O 
Dicalcium Phosphate 
  
CaHPO4•2H2O 
Monocalcium Phosphate 
  
Ca(H2PO4)2•H2O 
 *For each group, the compounds are in order of increasing solubility  
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happen in both acid and alkaline soils. The longer P resides in soils, the less soluble the P 
becomes.  
Sharpley et al. (2004) performed a study to determine the amounts, forms, and solubility 
of P in soils receiving long-term (>10 year) application of dairy manure in New York, 
Oklahoma, and Pennsylvania on Entisols, Ultisols, and Alfisols with slopes ranging from 0-2%.  
This research showed that inorganic P forms increased much more significantly than organic P 
forms for soils that received manure in comparison to sites that received no manure. Water 
extractable P in the untreated surface soils (0-5 cm) ranged from 2.1 to 4.0 mg kg
-1
, while the 
water extractable P ranged from 24 to 48 mg kg
 -1
 in the soils treated with dairy manure. There 
was also a large increase in Mehlich-3 (M3P) soil test P concentrations in the soil after 
continuous applications of dairy manure application. The concentrations for M3P ranged from 
16-31 mg kg
-1
 for the untreated soils compared to 360-1300 mg kg
-1
 for manured soils. These 
authors reported that approximately 59 to 79% of the TP in the surface soils treated with dairy 
manure was inorganic P compared to 35 to 45% for the untreated soils. 
Runoff-Associated Phosphorus 
Phosphorus can be present in runoff water in a variety of forms. Common P fractions that 
are characterized in runoff water are total P (TP), PP, total dissolved P (TDP), DRP, and DOP. 
Total P refers to the total amount of both inorganic and organic dissolved and PP. Particulate P 
consists of the inorganic and organic P associated with or bound to eroded sediment. Total 
dissolved P consists of the total amount of dissolved inorganic and organic P. Dissolved reactive 
P is considered to be immediately available and is fractionated by filtration through a 0.45 µm 
filter. This is an operationally-defined fraction that includes dissolved inorganic P ions but may 
also include some readily labile organic and colloidal P that is <0.45 µm. Dissolved organic P is 
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the organic fraction of P that is dissolved in solution. The DOP fraction includes polyphosphates 
and hydrolysable phosphates. (Kovar and Pierzynski, 2008).  
Phosphorus loss from soils to surface waters can occur by different transport methods. 
Plant removal is the primary path in which P is lost from the soil. Phosphorus can be lost by 
erosion of soil particles that have P adsorbed to them and by runoff containing dissolved P. 
Eroded sediments are predominately clays and organic matter, which are also the constituents 
that tend to sorb a relatively high amount of P.  Numerous studies have shown a strong 
correlation between dissolved P in surface runoff and the amount of P in the surface soil (Davis 
et al., 2005; McDowell and Sharpley, 2001; Cox and Hendricks, 2000; Sharpley, 1995; Daniel et 
al., 1994; Wendt and Alberts, 1984; Romkens and Nelson, 1974). The relationship between these 
two factors can vary depending on the soil type, tillage, and crop management.  
Griffin et al. (2003) in Maine performed a study  on sandy loam soils to determine the 
temporal changes in soil P concentration 84 days after manure application with beef, dairy, 
poultry, and swine manure. Soluble P in soil declined rapidly after manure application and 
stabilized after approximately 14 days for the dairy manure amendment. The authors attributed 
the rapid decline to the high rate of manure decay and rapid sorption of P to Al and Fe in the soil. 
When animal manure is spread on fields, heavy rains can promote runoff and erosion 
losses that can carry significant amounts of dissolved and particulate P into surface waters. It has 
been reported that the majority of P in surface runoff after manure application is DRP (Vadas, 
2007; Kleinman et al., 2002). Kleinman et al. (2002) showed that DRP in runoff after manure 
application was significantly lower in no-till versus conventional tillage on an Alfisol, Entisol, 
and Ultisol using indoor runoff boxes under simulated rainfall. While the incorporation of 
manure under conventional tillage practices reduced the DRP concentration in runoff as 
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compared to no-till, the TP concentration increased. This result occurred due to an increase in 
erosion and PP in runoff under conventional tillage.   
Inorganic P is the main P form present in cattle manure. Sharpley and Moyer (2000) 
reported that inorganic and organic forms of P in manure vary as a function of manure type and 
animal diet and reported that 63% of the TP was inorganic. Further, 81% of the inorganic P in 
analyzed dairy manure was in a water-extractable (Sharpley and Moyer, 2000). Barnett (1994) 
reported that >70% of the TP in dairy manure was inorganic. However, organic P has been 
shown to be the dominate form of P in the soil leachate after manure application (Koopmans et 
al., 2007; Chardon et al., 1997).  Therefore, the organic portion of P in manure may have a 
greater potential for leaching. Phosphorus can also be deposited in surface waters through 
atmospheric deposition in which P is sorbed onto dust particles. However, P additions through 
this pathway are minimal (Koopmans et al., 2007; Brady and Weil, 2002; Sharpley and Tunney, 
2000). 
Vadas et al. (2007) performed a study on Pennsylvania Alfisols to determine the 
transformations of soil and manure P after surface application of dairy manure to field plots 
under natural rainfall conditions on slopes of 5-10%. The researchers reported that TP 
concentrations in dairy manure consistently declined with time, showing that P decreased faster 
than dry matter decomposed. Water extractable P (WEP) in the manure decreased rapidly for the 
first several months, then maintained a steady concentration of approximately 10 to 20% of 
initial WEP concentrations. The TP in runoff from their study plots was greatest in the first 
runoff event after manure application, and the concentrations decreased steadily throughout time. 
Runoff DRP also followed this behavior, being the greatest in the first runoff event after manure 
application and decreasing over time. Fourteen months after manure application, DRP in the  
23 
 
runoff had higher concentrations than the plots with no manure applied. 
Karst Topography 
 Karst topography refers to a specific type of terrain which is characterized by  
distinguishing landforms and hydrology and is comprised of an indefinitely variable and 
complex array of fissures and voids that dominate the landscape. Doline karst landscapes are 
dominated by sinkholes in the landscape. Almost all drainage is underground, and these 
landscapes are considered a mature landscape. These landscapes occur in certain areas of the 
south eastern United States, which are underlain by limestone (Waltham and Fookes, 2003). 
Karst landscapes are much more sensitive to anthropogenic influences than other landscapes 
(USEPA, 2002).The karst characteristic landscape is primarily created by the dissolution of 
limestone and dolomitic limestone. The landforms for karst areas include: sinkholes, caves, 
springs, and a certain hydrogeology that results in highly rechargeable aquifers. Although these 
aquifers are very productive in the sense of high recharge rates, they are highly susceptible to 
contamination. The hydrogeology consists of interconnected conduits, fissures, and fractures that 
are localized in relatively low-permeability rock matrix. These conveyances are a main reason 
for the high susceptibility of aquifer contamination because the majority of groundwater flow 
occurs through these openings, thus reducing the amount of filtration the water undergoes before 
being stored in the aquifer.  
In karst topographic regions, surface water becomes groundwater when it is transported 
from the sinkhole into the underlying aquifer, and the water can potentially become surface 
water again when it emerges from springs. In the United States, 20% of the land surface is 
classified as karst, and approximately 40% of the groundwater that is used for drinking is from a 
karst aquifer (USGS, 2009; Waltham and Fookes, 2003).  Further, approximately 18% of the 
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Appalachian Region is comprised of karst topography. It is estimated that one-third of the 
agricultural and livestock land areas in the Appalachian Region is located on karst topography 
(Boyer and Pasquarell, 1999).    
Sinkholes, also known as dolines, are geologic formations that are closed funnel shaped 
or a bowl-sloped depression. The sinkhole depressions can be several kilometers in diameter and 
tens of meters deep (Zhou and Beck, 2008). One definitive characteristic of sinkholes is that they 
have no surface drainage outlet and transport surface water that recharges underground karst 
aquifers (Beck, 1988).  They are formed by erosion of rock and soil from the subsurface.  The 
formation of sinkholes is a dynamic process because it is dictated by the continuous dissolution 
of underlying calcium carbonate material in karst topographic regions. Sinkholes are related to 
underlying rock cavities. Karst regions are prone to sinkholes because of irregular bedrock 
surfaces, voids in underlying rock, and soils with low infiltration resistance. Sinkholes are, 
however, just a surface symptom of the erosion processes that are occurring in the subsurface. 
Sinkholes can act as a natural subsurface drain, cave entrance, or they can collapse and destroy 
roadways and buildings. This can be problematic because the recharge water from the sinkholes 
can carry pollutants from land into the aquifer (Gutierrez et al., 2008; Zhou and Beck, 2008; 
Waltham and Fookes, 2003; White, 2002).  
Karst topographic features are prevalent throughout the Ridge and Valley Ecoregion  
of Tennessee, in which Pond Creek Watershed occurs, the location of the study site. Few studies 
have examined P movement in karst features such as sinkholes (Berryhill, 1989). The majority of 
studies focus either on the formation of karst landscapes or on the environmental effects of 
drainage through sinkholes into the aquifer or spring recharge. However, the focal point of most 
published studies is on bacteria, nitrate, and agricultural herbicides and pesticides (Stueber and 
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Criss, 2005; Ryan and Meiman, 1996; Hallberg et al., 1985). Phosphorus loss via sinkhole 
pathways would not be considered a loss factor in a nutrient management plan. However, this 
pathway for P loss can still be a contributor to the degradation of surface water as P in sinkholes 
can eventually move into streams and rivers. One of the important aspects of this study is to 
determine whether sinkholes are acting as a conduit for P loss from waste application fields and 
to characterize the forms of P moving within the sinkholes. This will help to gain an 
understanding of surface runoff behavior in this karst region and to determine whether this 
landuse may be indirectly contributing to water quality impairment. Although we cannot know 
from this study whether water entering sinkholes at the study site is directly affecting surface 
water quality of Pond Creek, groundwater from sinkholes often re-enters surface water systems 
within relatively close distances, most likely as lateral flow to streams. For example, discharge 
from an aquifer via numerous springs and base flow was shown to provide most of the stream 
flow in a karst landscape in southwestern Illinois (Stuber and Criss, 2005). The data collected 
from this study can be used as an indicator of what quantities and forms of P are entering these 
sinkhole features and potentially affecting water quality within the watershed. 
Geographic Information Systems 
Geographic information systems (GIS) are “an integrated collection of computer 
software and data used to view and manage information about geographic places, analyze 
spatial relationships, and model spatial processes. A GIS provides a framework for gathering 
and organizing spatial data and related information so that it can be displayed and analyzed” 
(ESRI, 2006). A GIS can store, manipulate, retrieve, analyze, and display both spatial and non-
spatial geo-referenced data efficiently. GIS can be used for environmental planning and natural 
resources management. GIS effectively works for these uses because spatial data from various 
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sources can be displayed interactively so that it is readily comprehensive and visual. Tim and 
Jolley (1994) have stated the benefits of GIS in natural resources management as: 1)  ability to 
integrate spatial and non-spatial information within a single environment; 2) offers a consistent 
framework in which spatial variability is analyzed across a landscape; 3) allows for connections 
to be made between objects based on the geographic location and characteristics that are crucial 
to understanding NPS pollution problems; and 4) allows geographic objects to be manipulated 
and displayed in many different forms, such as maps, reports, and statistical summaries. There 
are many different types of GIS data layers that can be useful in land use planning. These data 
layers are SSURGO (Soil Survey Geographic Database), STATSGO (State Soil Geographic 
Database), DEM (Digital Elevation Model), and LULC (Land-Use/Land Cover) (Wu et al., 
2001). 
Objectives 
 The overall goal of this research was to quantify the amounts of different P forms in 
surface runoff from a field receiving animal waste and occurring in a region dominated by karst 
topography. The majority of previous research has focused on runoff that directly leaves a field 
rather than entering a sinkhole. Further, many researchers have used ex-situ protocols to quantify 
P concentrations in runoff. Many of these protocols use packed soil boxes under rainfall 
simulation at very high rainfall rates. Although unrealistic in some situations, these protocols are 
very useful in the understanding of P behavior in runoff under various conditions. However, 
there is a lack of in-situ runoff studies with actual field conditions under natural rainfall over an 
extended period of time. Because of the limited research on in-situ runoff studies in karst-
dominated topographic regions, this research aims to determine whether the runoff entering the 
sinkhole has the potential to negatively affect water quality and to determine if the fractions of P 
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in the sinkhole soils have been influenced by manure application. Approximately 88% of the 
study field drains into sinkhole features rather than running off directly into a stream. Therefore, 
this site represents a unique situation from a water quality perspective. 
  The application of liquid dairy manure and the subsequent loss of P to sinkholes may 
pose a threat to the water quality of Pond Creek. Therefore, this study also attempted to evaluate 
the spatial distribution of soil P forms within the sinkhole feature in order to determine if the 
eroded clays of the sinkholes are retaining P contained in runoff and, if so, in what forms. The 
ability of soil in the sinkholes to adsorb P entering via surface runoff will give an indication of 
how much soluble P may be entering the groundwater through this mechanism. Because 
groundwater can eventually re-enter Pond Creek as surface water, the quality of the water 
entering sinkholes may affect surface water quality in this watershed. It is anticipated that the 
data from this study will help in the management of animal waste application fields in this 
particular ecoregion with similar landuses.  
 The specific objectives of this study were:  
Objective 1: To characterize the soil P status of an agricultural field located in the Ridge and 
Valley Ecoregion of Eastern Tennessee that has received long-term applications of 
liquid dairy manure. 
Objective 2: To determine the quantities and forms of P lost via surface runoff and entering a 
sinkhole feature in a field with a history of dairy waste application. 
Objective 3: To quantify the movement of various forms of soil P within a sinkhole feature 
draining a field receiving liquid dairy manure and the ability of that soil to retain 
soluble P entering via runoff.  
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CHAPTER II 
MATERIALS AND METHODS 
Study Area  
 Pond Creek Watershed (HUC 06010201013) (Figure 4) encompasses 9,424 hectares 
(23,277 acres) in the upper Tennessee River basin of east Tennessee and is located in sections of 
Loudon, Monroe, and McMinn counties. The major landuses in this watershed are grazing 
pasture and dairies, which comprise more than half of the total area of the watershed. Other 
landuses in the watershed include: forest, cropland, residential, commercial/ industrial, open 
water, and, to a lesser extent, wetlands. This watershed is located in the EPA defined level III 
Ecoregion 67, which is the Ridge and Valley physiographic region, and is further subdivided to 
the EPA defined level IV Ecoregion 67f, which is Southern Limestone/Dolomite Valleys and 
Low Rolling Hills. Pond Creek is a direct tributary to Watts Bar Lake and has been listed as a 
priority water body on the 303(d) list for at least a decade. Pond Creek is the primary tributary of 
the watershed and runs adjacent to the field of study. Pasture grazing, livestock in the stream, 
and animal feeding operations are the primary sources of impairment. These types of operations 
are common in this ecoregion. 
Twelve dairy operations were reported within Pond Creek Watershed in 2006. Most of 
these dairy operations are located within a close proximity to Pond Creek. Hagan and Walker 
(2006) estimated that the watershed contained 960 dry dairy cows and calves, and 1,575 mature, 
lactating dairy cows. The Tennessee Valley Authority Integrated Pollutant Source Inventory 
(TVA) recognized most of these dairies as large operations, with more than 150 animals per site 
(Hagan and Walker, 2006). 
 The site chosen for this study was a 57 hectare (140 acre) production field locate
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Figure 4. Location of Pond Creek sub-watershed within the Watts Bar watershed, Tennessee (UT Extension: Pond Creek 
Watershed, 2009). 
Study Location 
Pond Creek Watershed 
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between two milking parlors. The primary practices for this field are row cropping and pasture 
grazing. The crops grown on this field are corn (Zea mays L.) and wheat (Triticum L.). The corn 
is drilled in the spring and harvested in the fall. The corn is used for silage, and approximately 16 
centimeters of the corn stover remains on the land post harvest. Following the corn harvest, the 
field is drilled with wheat for winter cover and grazing. The field is used as a loafing and grazing 
area in the winter and spring when the wheat is established. Prior to the spring corn planting, the 
wheat is cut and fermented for wheatlage. The wheatlage is fed to the cattle during the winter 
months when forages are not readily available.  Between the cutting of the wheat and the corn 
planting, the field is lightly disked to a depth of approximately six inches. Both crops are planted 
utilizing a seed drill.  
 The number of cattle at this dairy operation remains steady throughout the year, at 
approximately 500 head. The cattle are fed silage, corn, wheat, hay, and feed. Each milking 
parlor has an anaerobic lagoon associated with it that collects the manure, urine, and wash water. 
This production field predominately receives the lagoon wastes from each of the milking parlors 
approximately twice per year depending on the volume of waste in the lagoon. The lagoons are 
agitated prior to field application using a prop agitator. The manure slurry is then applied to the 
field utilizing a 15 centimeter diameter (6 inch) hose contained on a hose reel connected to either 
a splatter plate or traveling big gun irrigation rig.  
 The elevation (Figure 5) for the field ranges from 249 meters to 311 meters above sea 
level. This was determined taking the Real Time Kinematic (RTK) global positioning system 
(GPS) points in a crisscross pattern over the entire field. Real Time Kinematic GPS points have 
sub-centimeter accuracy, and the points taken were interpolated to a raster map using the spatial 
analyst tool in Environmental Systems Research Institute (ESRI) ArcMap Version 9.3 software. 
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Figure 5. Slope (A) and elevation (B) of the study location in Pond Creek Watershed (HUC 06010201013).                                           
A B 
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These RTK GPS points were used to interpolate slopes (Figure 5) throughout the field as well. 
The field contains slopes ranging from <1% to 21%.  
 The soils for the Ridge and Valley ecoregion belong to the Ultisol soil order. The specific 
soil series comprising the study field are: Decatur, Dewey, Emory, Etowah, Hermitage, and 
Lindside. Data for the soil series was obtained from the Natural Resources Conservation Service 
(NRCS) Web Soil Survey. The distribution of soils is shown in Figure 6 and the descriptions are 
shown in Table 2 (Soil Survey Staff, 2008). 
Runoff Collection Plots 
 In early October, 2008 a runoff collection system was constructed on the side slopes of a 
sinkhole feature lying within the study field based on a published method by Pinson et al. (2003) 
(Figure 7). Three plots measuring 6 m wide by 21 m long (20 x 70 ft) were used to collect the 
runoff and sediment entering the sinkhole and coming from the defined area. Prior to the 
construction of the plots the slope and pitch of the area were determined using a Dumpy Level 
for the assurance of uniformity amongst the three plots. The areas of the plots were defined by 
earthen berms constructed with the soil pulled from 1.5 m (5 ft) spacing between the plot areas. 
After the berms were pulled to shape they were covered with wheat straw to prevent erosion. The 
berms were between 15-20 cm in height (6-8 in). At the apex of the plots the berms formed a V 
shape in order to divert the runoff water around the plots‟ defined area. At the time of 
construction, the groundcover within the plots consisted of wheat and corn stover. The slopes of 
the plots were: plot 1= 4.06%; plot 2= 4.76%; plot 3= 4.86%. At the base of each plot a 
collection triangle was implemented to focus the runoff into a 10 cm (4 in) diameter thin wall 
PVC pipe with a 90° elbow on the opposite end in order to direct runoff into the collection 
devices (Figure 8). The collection triangles were constructed with 6 mil black plastic. A trench  
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Figure 6. Soil series distribution of study site. Data obtained from NRCS Web Soil Survey, 
2008. 
 
 34 
 
Table 2. Soil series classification and descriptions of soils occurring in study field. Data 
derived from NRCS Web Soil Survey. 
Series Depth Drainage 
Class 
Permeability  Landscape 
Position  
Parent 
Material 
Taxonomic 
Class 
Decatur Very 
Deep* 
Well 
Drained 
Moderate Level to 
strongly 
sloping 
uplands and 
valleys 
Formed in 
residuum 
derived 
from 
limestone 
Fine, 
kaolinitic, 
thermic 
Rhodic 
Paleudults 
Dewey Very 
Deep* 
Well 
Drained 
Moderate Uplands Formed in 
residuum 
of 
limestone 
Fine, 
kaolinitic, 
thermic 
Typic 
Paleudults 
Emory Very 
Deep* 
Well 
Drained 
Moderate Intermittent 
drainageways, 
toe slopes, 
and in 
bottoms of 
upland 
depressions 
Formed in 
local 
alluvium 
and the 
underlying 
buried soil 
Fine-silty 
siliceous, 
active, 
thermic 
Fluventic 
Humic 
Dystrudepts 
Etowah Very 
Deep* 
Well 
Drained 
Moderate High stream 
terraces, 
alluvial fans, 
and foot 
slopes 
Formed in 
alluvium 
or 
colluviums 
that is 
commonly 
underlain 
by 
limestone 
residuum 
below 40 
inches 
Fine-Loamy, 
siliceous, 
semiactive, 
thermic 
Typic 
Paleudults 
 
Lindside Very 
Deep* 
Moderately 
Well 
Drained 
Moderate Nearly level 
flood plains 
Formed in 
alluvium 
washed 
mainly 
from lime  
influenced 
soils 
Fine-silty, 
mixed, 
active, mesic 
Fluvaquentic 
Eutrudepts  
*Very Deep implies non-limiting substrate 
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Figure 7. Overview of the three runoff plots. 
 
Flow Direction 
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Figure 8. Runoff collection triangles.  
  
 
 
 
 
 
 
 
 
PVC pipe connected to 
collection triangle 
Collection 
Triangle 90° Elbow to 
focus runoff 
water into 
collection bucket 
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used to attach PVC 
pipe to collection 
triangle 
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was dug across the base of the plot to a depth of approximately 30.5 cm (12 in.). The end of the 6 
mil black plastic was laid in the trench, and the soil dug from the trench was filled in on top. The 
plastic sheeting was then folded back over itself and laid out smooth away from the base of the 
plot. This was done to ensure a smooth transition from the plot to the collection triangle. The 
PVC pipe was then connected to the black plastic in the gap between the 2x4‟s utilizing a worm 
gear clamp. The pipe was required to lie on a slope between 2% and 5% to ensure that sediments 
were not deposited in the pipe, which would impede the flow. In order to achieve the desired 
slope for the pipe, a pit was dug to house the collection devices. The pits were intentionally dug 
large to prevent precipitation from flooding the pits.  
In order to collect runoff from the plots a series of three in-line 19 L (5 gal) buckets was 
utilized for each of the three plots (Figure 9). These buckets were placed in a line so that the 
overflow from one bucket would flow into each subsequent bucket. This was achieved by 
building a box from 2x4 lumber in which the first bucket was the highest in elevation, the second 
bucket was the next highest, and the third bucket was the lowest. This allowed the overflow from 
each bucket to flow uninhibited to the next bucket. A divider crown consisting of 24 V-notched 
weirs was placed on each of the first two in-line buckets. The divider crown had a screw top and 
0.48 cm (3/16
 
in.) high density foam weather-stripping was used to ensure a tight seal between 
the divider crown and the bucket. One of the notches in each divider crown had a spout that 
extended from the divider crown. This spout was connected to a stainless steel trough by a 
Velcro strap. High density foam strip was placed between the spout and stainless steel trough for 
the prevention of backflow. The stainless steel trough that was connected to the divider crown 
deposited 1/24
th
 of the overflow into the second bucket. The second bucket was set up in the 
same way whereby 1/24
th
 of the overflow from this bucket was collected in the third, and final,  
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Figure 9. Runoff collection device used for each runoff plot. 
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bucket. This setup has the ability to represent up to 11,419 L (3,005 gal) of runoff.  Since the 
flow was divided 24 times on the first two in-line buckets, the total volume was calculated as 
follows: (19 L) + (24*19L) + (24
2
 * 19L) =11,419 L. To ensure that the flow was being divided 
evenly, the buckets were placed on a leveling triangle with a stainless steel screw at each point 
for adjustment (Pinson et al., 2003). A level was placed on the divider crown, longwise and 
crosswise to level. Once the buckets were level, they were held in place using rubber tie-down 
straps to prevent movement.  The plots were removed May, 2009 in order to allow for disking 
and corn planting in the field. 
Sample Collection 
An on-site weather station (Figure 10) with a tipping bucket connected to a Campbell 
Scientific data logger quantified rainfall at the study location. Precipitation data was collected 
every five minutes in order to determine the intensity of a particular rainfall event. The data 
logger was connected to a wireless modem whereby the data could be obtained off site to 
monitor when a significant rainfall event occurred. For this study, a significant rainfall event was 
determined to be 0.25 cm (0.1 in.) in order to ensure that the runoff rate would exceed the 
infiltration rate. Runoff from collection buckets were collected from the field within 24 hours of 
a significant rain event. If rain events occurred on consecutive days, these events were combined 
as one event. After a runoff event, collection buckets were removed and replaced with clean 
buckets. Buckets containing runoff samples were brought to the University of Tennessee where 
the samples were analyzed at the Biosystems Engineering and Soil Science Water Quality Lab. 
The volume of runoff water in the buckets was determined using class A volumetric glassware. 
The runoff samples were thoroughly mixed with a five gallon paint stirrer attached to a rotary 
drill for three minutes. A subsample was taken immediately after mixing in an acid washed 
 40 
 
 
Figure 10. Weather station at study location. 
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500 mL Nalgene bottle. A 200 mL aliquot of the subsample was filtered through a 0.45 μm 
Whatman syringe filter into an acid washed 250 mL Nalgene bottle. These samples were 
immediately refrigerated at 4° C until analysis the following day. Runoff water was analyzed for: 
dissolved reactive phosphorus (DRP), total phosphorus (TP), total dissolved phosphorus (TDP), 
particulate phosphorus (PP), dissolved organic phosphorus (DOP), total solids (TS), total organic 
carbon (TOC), ammonia, nitrate, total Kjeldahl N (TKN), sulfate and pH as described below in 
the chemical analysis section. 
Soil Sampling 
Detailed soil sampling was performed prior to the study for the entire 57 ha (140 ac) field 
to determine the distribution of nutrients (P, Ca, Mg, K). Soil samples were taken on a 0.4 ha (1 
ac) grid, with 5 subsamples taken within each one-acre cell and composited to provide a 
representative sample for each cell (Figure 11). The point grid was generated in ESRI ArcMap 
Version 9.3 and a Trimble Nomad handheld GPS unit containing ArcPad Version 7.0.1 software 
was used to identify and locate sampling points. A total of 145 soil samples were taken.  Samples 
were taken with a stainless steel push probe to a depth of 15 cm (6 in). 
Soil samples were taken to the lab where they were air dried and ground to pass through a 
no. 10 (2 mm) sieve. Dried and ground samples were extracted with Mehlich-3 extractant, and 
analyzed for Mehlich-3 extractable nutrients by inductively coupled plasma (Argon) optical 
emission spectroscopy (ICP-OES). Details on soil analysis are provided below in the soil 
analysis section. Nutrient maps were generated from this data by joining to the point file 
generated in ArcMap Version 9.3, and the data was used for surface interpolation by an ordinary 
kreiging technique using the geostatistical analysis tool in ArcMap Version 9.3.  
A different approach was used for the more intensive soil sampling within the chosen 
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Figure 11. Soil sampling point grid for 57 hectare study field. 
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sinkhole feature. A contour map was generated from the elevation map generated in ArcMap 
Version 9.3. The contour lines defining the sinkhole were used as the boundaries of the sample 
area. A point was set at the base (lowest elevation) of the sinkhole and samples were taken in 
concentric rings of increasing elevation from this point (Figure 12). The first ring was 7.6 m (25 
ft) from the lowest point, and the next ring was 15 m (50 ft) from the lowest point. The upper 
rings were spaced in 15 m (50 ft) intervals to a distance of 61 m (200 ft) from the base of the 
sinkhole feature. The concentric rings at the specified distances from the base of the study 
sinkhole were used to determine if P was moving to the base of the sinkhole, and therefore 
potentially entering groundwater and what forms were being transported. Lower concentrations 
at the ridges (highest elevation) of the sinkhole feature with higher concentrations in the base of 
the sinkhole would be indicative of P movement. This sampling scheme was generated in 
ArcMap Version 9.3 and the sampling locations were found using ArcPad Version 7.0.1 software 
installed on a Trimble Nomad handheld GPS unit. The soil samples were taken with a stainless 
steel soil push probe to a depth 5 cm (2 in) because this has previously been determined to be the 
portion of the soil that interacts with surface runoff water. Twelve sampling points were chosen 
in each elevation ring, each equidistant from each other. A total of five subsamples in random 
locations from around the point were composited to represent each sample point. A total of ten 
samples were taken from the base of the sinkhole to be representative of the P concentration at 
the lowest point. The samples were then taken to the University of Tennessee where they were 
air dried and ground to pass through a no. 10 (2 mm) sieve. The forms of P measured were: 
Mehlich-3 extractable P (M3P), TP, and total organic P (TOP). Additionally, the maximum P 
sorption capacity was determined in order to characterize the P-fixing ability of the soils within 
the sinkhole. 
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Figure 12. Soil sample sites of study sinkhole. 
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Manure Sampling 
Liquid manure from the anaerobic lagoon was applied to the runoff plots on April 25, 
2009. The exact volume applied was determined by collecting manure in plastic pans placed at 
regular intervals on the soil surface of the plots. After application, the volume of manure in each 
pan was determined. A subsample of the applied manure was collected from the pans in an acid 
washed 500 mL Nalgene bottle. Three pans were placed on each runoff plot to determine the 
average amount of manure applied. The subsamples were taken to the University of Tennessee 
where they were stored at 4° C until chemical analysis was performed. The manure samples were 
analyzed in the Biosystems Engineering and Soil Science Water Quality Lab. Dissolved reactive 
P, TP, TKN, nitrate+ nitrite, TOC, and TS analysis was performed within 48 hours of collection. 
Ammonia and pH was determined immediately upon arrival to the lab. 
Chemical Analysis 
Runoff Water 
 Analysis of runoff samples was performed in accordance with Standard Methods for the 
Examination of Water and Wastewater, 21
st
 Edition (Greenberg et al., 2005).  The fractionation 
of different P forms is based on the protocol described by Kovar and Pierzynski (2009) (Figure 
13). Ammonia and nitrate analysis were performed as soon as possible due to the inherent 
transformations that occur with time. Ammonia analysis was based on the Nessler Method 
(HACH Method 8038). A ThermoSpectronic Genesys 6 spectrophotometer (Rochester, NY) was 
used to measure the absorbance at a 425 nm wavelength. The detection limit of this method was 
0.06 mg NH3 L
-1
. A 25 mL aliquot of each sample was mixed with a mineral stabilizer, polyvinyl 
alcohol-dispersing agent, and the Nessler reagent. The mineral stabilizer used was composed of 
zinc sulfate which complexes calcium to prevent the formation of a calcium precipitate. The 
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Figure 13. Phosphorus fractionation methodology for water samples (Kovar and 
Pierzynski, 2009). 
Total Phosphorus (TP) 
 
Total amount of phosphorus in dissolved and particulate phases. 
 
Determined from digestion of unfiltered water sample 
Total Dissolved Phosphorus (TDP) 
 
Total amount of dissolved inorganic 
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Determined from digestion of filtered 
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Dissolved Reactive Phosphorus (DRP) 
 
Immediately biological available. This 
includes inorganic fractions and may 
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The inorganic and organic 
phosphorus associated with or 
bound to eroded sediment. 
 
Determined by the difference of 
TP-TDP 
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polyphosphates and hydrolysable 
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Determined by the difference of TDP-DRP 
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polyvinyl alcohol-dispersing agent aids in color development as the Nessler reagent reacts with 
the ammonium ions. A more intense yellow color produced by the reaction denotes a higher 
concentration of ammonium in the water (HACH, 1995).  
Ion chromatography (IC) was used to measure nitrate and sulfate by EPA Method 
SM4500C.Runoff samples were filtered through a 0.45 μm Whatman syringe filter prior to 
analysis, thus preventing large particles from damaging the IC instrument. An anion separator 
column (IonPac® AG9-HC) was used to measure the concentrations of nitrate and sulfate. Ion 
chromatography analysis was performed by injecting the sample into a stream of bicarbonate 
eluent and passing it through the ion exchangers. The anions are separated by their affinity for a 
strongly basic anion exchanger. The anions are then converted into a highly conductive form 
within a fiber suppressor column. The carbonate-bicarbonate eluent is converted to carbonic 
acid, which is a poor conductor. Different anions remain on the column for different time 
periods, and the retention time is used to determine which peak corresponds to a specific ion. 
The area under the peak is the measure of the ion concentration (Greenberg et al., 2005).  
 Total Kjeldahl nitrogen (TKN) is a measure of ammonia and organic nitrogen. Total 
 Kjeldahl N was measured using the LACHAT QuickChem Method 10-107-06-2-E (Diamond, 
1992). Runoff samples were digested on an aluminum block digester and analyzed by a 
colorimetric method. This method is applicable for TKN levels ranging from 0.1 to 5.0 mg L
-1
. 
Unfiltered runoff samples were digested with 5 mL of sulfuric acid, mercuric oxide and 
potassium sulfate, which acts as a catalyst. Glass stirring rods were placed in digestion tubes and 
samples were digested for a total of four hours in which the terminal temperature of 390°C was 
maintained for the last two hours. The digestion process coverts organic nitrogen to ammonium. 
After the digestion was complete the samples were allowed to cool and 20 mL of deionized 
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water was added. The samples were then analyzed on a SKALAR flow injection analysis 
spectrophotometer (Norcross, GA). The intensity of green color developed is related to the 
concentration of ammonium. 
 Total P was measured by the LACHAT QuickChem Method 10-115-01-1-C (Liao, 
1993). This method is applicable for TP levels ranging from 0.01 to 5.0 mg P L
-1
, and the 
detection limit is 0.005 mg P L
-1
. Total P can be measured from the same digest used for TKN 
analysis. Total phosphorus was analyzed using a colorimetric technique on a SKALAR flow 
injection analysis spectrophotometer (Norcross, GA). Organic phosphorus is converted to 
orthophosphate during the digestion process. Ammonium heptamolybadte and potassium 
antimony (III) oxide tartrate react in a sulfuric acid medium with the digested samples. This 
forms an antimony-phospho-molybdate complex, which is reduced by ascorbic acid to form a 
blue complex that absorbs light at 660 nm. The blue color intensity is proportional to the TP 
concentration (SKALAR). 
 Dissolved reactive P, also referred to as soluble reactive P, is considered to be 
immediately available to organisms. The method used to measure DRP was the SKALAR 
Method 503-365.1 for determining orthophosphate. This method is similar to EPA method 365.1. 
This method is applicable for DRP concentrations ranging from 0.05 to 5 mg P L
-1
. Runoff 
samples were filtered through a 0.45 μm Whatman syringe filter and analyzed for DRP within 24 
hours of collection. Concentrations were determined using a colorimetric technique and 
measured on a SKALAR flow injection analysis spectrophotometer (Norcross, GA). The same 
ascorbic acid reduction colorimetric method used for the determination of TP was used for DRP 
determination. 
Total dissolved P was determined by the same method used for measuring TP with  
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the exception of filtering samples through a 0.45 μm Whatman syringe filter prior to digestion. 
The filtered sample was digested on an aluminum block digester after which the TDP 
concentration was determined using the same colorimetric procedure used for TP. The TDP 
samples were analyzed by flow injection analysis.  
 Particulate P was calculated as the difference between TP and TDP. This assumes that 
soil particles do not pass through the 0.45 μm filter. Particulate P is a measure of the inorganic 
and organic P associated with or bound to eroded sediment (Kovar and Pierzynski, 2008).  
 Dissolved organic P was calculated as the difference between TDP and DRP. Dissolved 
organic P includes polyphosphates and hydrolysable phosphates. Again, this method assumes 
that soil particles do not pass through the 0.45 μm filter. Dissolved organic P is a measure of the 
P that is not associated with soil particles and is not immediately biologically-available. This 
fraction of P does, however, have the potential to mineralize and become biologically-available  
in the future (Kovar and Pierzynski, 2008).  
Total solids (TS), which are comprised of both suspended and dissolved solids, were 
determined by measuring 50 mL of thoroughly mixed unfiltered runoff water in a class A 
graduated cylinder and transferred to a pre-weighed inert aluminum weighing pan. The 
aluminum pan with sample was dried in an oven at 103°C for a minimum of one hour. The 
aluminum pan was then reweighed and the weight of the solids in the pan was used to calculate 
the amount of TS. 
 Total organic carbon (TOC) was analyzed using a Shimadzu model TOC-VCPH (Kyoto, 
Japan) total organic carbon analyzer. The range of this instrument is 0 to 25000 mg TOC L
-1
, 
with a detection limit of 4µg TOC L
-1
. An aliquot of 15 mL of unfiltered runoff water was used 
for the analysis, and 1 drop of 2.5 M hydrochloric acid was added to the sample to eliminate 
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inorganic carbon that may be present in the sample. The samples were analyzed by high 
temperature catalytic oxidation (HTCO). Auto injection of the sample with a platinum catalyst at 
680°C in an oxygen rich atmosphere oxidizes the organic carbon in the sample to carbon dioxide, 
and the concentration of the carbon dioxide is measured with a non-dispersive infrared detector 
(Greenberg et al., 2005). 
Soil 
 The determination of the different soil P forms within the sinkhole feature were 
determined using methods described by SERA-IEG 17 published methods titled: Methods of 
Phosphorus Analysis for Soils, Sediments, Residuals, and Waters (Kovar and Pierzynski, 2009) 
with the exception of TOP which was determined following the methods of Kuo (1996) and TP 
which was determined using the QUIKCHEM method 13-115-01-1-B (Diamond, 1998).  
Mehlich-3 extractable P is commonly used as a measure of plant available P in the soil. 
The Mehlich-3 extracting solution consists of: glacial acetic acid, nitric acid, ammonium nitrate, 
ammonium fluoride, and ethylenediaminetetraacetic acid (EDTA). The Mehlich-3 extractant was 
developed for low base, acid soils in the Southeast. For the determination of the Mehlich-3 
extractable P, 2.5 grams of sieved soil (<2 mm) and 25 mL of the Mehlich-3 extracting solution 
were added to 50 mL centrifuge tubes. The samples were shaken on an orbital shaker at 225 
revolutions per minute for five minutes, filtered through a 0.45 μm Whatman syringe filter and 
refrigerated until analysis. Mehlich 3 P concentrations were determined using inductively 
coupled plasma (argon) optical emission spectroscopy (ICP-OES) (Kovar and Pierzynski, 2009). 
 Total P was determined using the LACHAT QuikChem method 13-155-01-1-B 
(Diamond, 1998). Soil that had been sieved through a 60 mesh (250 µm) sieve was digested on 
an aluminum block digester and analyzed by a colorimetric method. This method is applicable 
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for TP levels ranging from 0.2 to 12 mg P L
-1
. Approximately 1.50 g of potassium sulfate and 
copper sulfate pentahydrate (0.125 grams) along with Hengar boiling stones and 3.5 mL of 
concentrated sulfuric acid were added to digestion tubes. The samples were digested on an 
aluminum block digestor preheated to 160°C and increased to 390°C for 180 minutes with a 
glass stopper in place. Potassium sulfate increases the boiling temperature to speed the 
conversion of organic P to orthophosphate. After the digestion was complete, 46.5 mL of 
deionized water was added to each tube to bring the volume up to 50 mL. The samples were 
analyzed on a SKALAR flow injection spectrophotometer (Norcross, GA). Samples were 
analyzed for TP using the ascorbic acid reduction method that was used for the determination of 
DRP and TP in the runoff water samples as previously described. The intensity of the blue 
complex formed from the reduction with ascorbic acid is proportional to the concentration of the 
orthophosphate in the digestate (Diamond, 1998).    
 Total organic P was determined by the ignition method described by Kuo (1996). This 
method converts organic P to inorganic P by high temperature oxidation. Total organic P 
concentration was determined by the difference in P measured after extraction with sulfuric acid 
between ignited and unignited soil samples. For the ignition of soil samples, 2.0 grams of air 
dried sieved soil (<2 mm) was weighed in a porcelain crucible and then placed in a cool muffle 
furnace. The samples were heated to 550°C for 60 minutes. After cooling, the samples were 
transferred into 250 mL Nalgene bottles containing 50 mL of 0.5 M sulfuric acid. Additionally, 
2.0 grams of unignited air-dried sieved soil (<2 mm) were weighed and transferred into 250 mL 
Nalgene bottles containing sulfuric acid.  The samples were shaken for 16 hours on an orbital 
shaker at 225 rpm. The samples were then centrifuged at 2,000 rpm for 10 minutes to obtain a 
clear solution. A 0.5mL aliquot of the supernatant was transferred to a 50 mL volumetric flask, 
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and five drops of 0.25% p-nitrophenol indicator were added. The solution pH of each sample 
was adjusted with 5 M sodium hydroxide until a color change from colorless to yellow occurred. 
The yellow color was indicative of a pH of approximately 7. The samples were analyzed using 
the ascorbic acid reduction method as used for the determination of TP on a SKALAR flow 
injection spectrophotometer (Norcross, GA).  
The maximum P sorption capacity of sinkhole soils was determined using the Phosphorus 
Sorption Index (PSI) method described by Sims (2009). The PSI is a simple technique allowing 
the determination of the P adsorption potential of a soil. The amount of P sorption determined by 
this method is a measure of the amount of P adsorbed from a solution containing a known 
concentration of P. This can then be plotted against the concentration of P in solution at 
equilibrium and used to calculate the maximum P sorption for soil samples. The amount of P 
sorbed can help to estimate if the majority of P is being adsorbed to the soil, or if the soil is 
already saturated with P. A high concentration of P in the solution after equilibrium would 
indicate that the soil is P-saturated and not removing P out of solution. Likewise, a low P 
concentration in the equilibrium solution would be indicative of a high P-fixing soil. The P 
sorption solution was prepared to a concentration of 75 mg P L
-1
 (Sims, 2008). This 
concentration was achieved by dissolving monobasic potassium phosphate in deionized water. 
For the determination of P sorption capacity, 1 gram of air-dried sieved soil (<2mm) was 
weighed into a 50 mL centrifuge tube along with 20 mL of the 75 mg P L
-1
 solution. This results 
in a ratio of 1.5 g P kg
-1
 soil. Two drops of chloroform were added in order to inhibit microbial 
growth. The tubes were then placed on an end-over-end shaker for 24 hours. Following shaking, 
the samples were centrifuged at 2,000 rpm for 30 minutes. The supernatant was filtered through 
a 0.45 μm Whatman syringe filter and refrigerated until analysis. The P concentration of the  
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solution was determined using the ascorbic acid reduction method as previously described. 
 For quality assurance 10% of the samples in each procedure were replicated. The 
samples to be replicated were determined randomly using Microsoft Excel Version 2007. All 
sample replications were within 5% of each other. 
Manure 
The manure samples were analyzed for TP and TKN by adding a 5 mL aliquot of 
thoroughly mixed manure to digestion tubes along with 1.50 grams of potassium sulfate and 
0.125 grams of copper sulfate pentahydrate. Hengar boiling stones and 3.5 mL of concentrated 
sulfuric acid were also added to each tube. Samples were digested on an aluminum block 
digester at125° C for two hours. The temperature was then increased to 220° C for an additional 
hour. Glass stoppers were then placed on the tubes, and the temperature was increased to 390° C 
for two hours. Upon completion of the digestion process the samples were allowed to cool and 
the volume was brought to 50 mL with deionized water. The concentration of TP and TKN was 
determined by the same procedure previously described for TP analysis of soils. Analysis of 
DRP, ammonia, nitrate, TOC and TS were performed by the same methods as described for 
runoff water samples.  
Statistical Analysis 
 The statistical analysis for this study was performed using JMP software version 8.0.1 
(Cary, NC). Concentration data that did not follow a Gaussian distribution was transformed 
using logarithms to produce a parametric distribution. This was done to ensure the data met the 
assumption of normality required for the parametric statistics that were used. A one way analysis 
of variance (ANOVA) was performed at the α=0.05 significance level on the log transformed 
runoff concentration data to detect differences between rainfall events and pre and post manure 
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application. Analysis of variance was performed at the α=0.05 level on the soil data. All soil data 
followed a Gaussian distribution except for TP, which was log transformed in order to obtain a 
parametric distribution. The Tukey Honestly Significant Difference (HSD) Post Hoc Test was 
performed to identify significant differences in P concentrations of runoff water and soils within 
the sinkhole. A significant difference was identified when the t-test p-value was below 0.05. The 
homogeneity of the variances was checked using the Levene‟s test for equality of variances. 
Correlation analyses were performed to determine if measured parameters behaved similarly at 
the α=0.05 significance level. The Spearman Rho (ρ) correlation coefficient was determined for 
the dependent variables (TP, PP, TDP, DRP, DOP, M3P, TOP, soil TP, and P sorbed) and for the 
independent variables (pH, total solids, runoff volume, rainfall, total organic carbon, sulfate, 
nitrate, ammonia, TKN, Mehlich 3 K, Mehlich 3 Ca, and Mehlich 3 Mg). Since the Spearman ρ 
correlation coefficient is a non-parametric statistic, the non-transformed data was used for this 
analysis.   
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CHAPTER III 
RESULTS AND DISCUSSION 
Introduction 
 The study area is unique because sinkholes dominate a great portion of the 56 ha (140 
ac.) field. An elevation map produced using the RTK GPS points shows in detail the elevation 
changes throughout the field and illustrates that the majority of the field (88%) drains into itself 
(Figure 14). Only a small portion of the field actually contributes to runoff that leaves the field; 
these areas were not incorporated into the study and those areas typically do not have manure 
applied. The particular area of the field where the runoff plots were established had not received 
manure in approximately one year.  
Prior to runoff collection the Mehlich 3 extractable nutrient concentration distribution for 
P (Figure 15) and for the base cations and pH (Figure 16) for the entire field was determined by 
intensive soil sampling. The distribution shows that the highest concentrations of the nutrients 
occur in areas closest to the two milking parlors. Indeed, this suggests that uneven continuous 
application of manure can lead to high localized soil nutrient concentrations. The majority of TP 
associated with dairy manure is in an inorganic form which creates the situation for high 
availability when applied to areas that receive the wastes. 
Runoff  
Runoff samples were collected after rainfall events between October 2008 and May 2009. 
Liquid dairy manure was applied to the plots on April 25, 2009. Two rainfall events of the15 
total events occurred post manure application. The chemical and physical constituents of the 
runoff water were compared for differences between pre- and post-manure application.  
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Figure 14. Elevation contours of the study location. 
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Figure 15. Soil Mehlich 3 phosphorus distribution for 57 hectare study site. 
Dairy Parlor  
Location 
Dairy Parlor 
Location 
Study Plot 
Location 
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Figure 16. Soil Mehlich 3 extractable potassium (A), calcium (B), magnesium (C), and pH (D) distribution for 57 ha study site
A 
B 
C D 
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The runoff volumes from individual runoff events varied greatly (Table A.6). Pinson et 
al. (2003) noted that very low and very high runoff volumes produced the greatest error in the 
divider crowns that were used to split the runoff in this study. They noted that flow rates less 
than 0.63 L s
 -1 
(10 gal min
-1
) resulted in the greatest error, which was ±16%. The greater error is 
attributed to high surface tension of the water at the bottom of the V notched weirs. They 
reported that the surface tension at the bottom of the weirs caused the flow to be divided among a 
single weir instead of being divided evenly. This error associated with the flow divider setup 
explains why the runoff volumes were not generally consistent with larger rainfall events. Even 
though some of the rainfall events appear large, the majority of the rainfall events were 
consecutive events occurring over short time periods that were combined.  
Runoff volumes and rainfall were positively correlated (Spearmans ρ=0.76; p 
value=<0.01) (Figure 17). This correlation can be deceiving due to the amount of error that can 
occur from low flow volumes. A study by Pote et al. (1999) showed that approximately 4.75 cm 
(1.87 in.) to 5.36 cm (2.11 in.) of rainfall was required to produce 30 minutes of continuous 
runoff on Ultisols in northwest Arkansas. Of the rainfall events that occurred during the current 
study, only 7 out of 15 were greater than 4.75 cm (1.87 in). However, the 7 rainfall events that 
were greater than 4.75 cm (1.87 in.) were not all from one single event. Further, all of the rainfall 
events did produce measurable runoff. Total runoff volume for the 15 events ranged from 8.15 L 
to 219 L. 
 Concentration data is expressed as the mean of the three runoff plots. Total P, DRP, 
TDP, DOP, and PP concentrations are given in Table A.6 for the various runoff events, denoted 
by event number. This data gives an estimate of the amounts of the different P forms leaving the 
field via runoff. To test if the manure application did increase P in runoff the following  
 60 
 
 
Figure 17. Relationship between rainfall and runoff volume.  
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hypothesis was tested: 
H0: Average runoff P concentration before manure = average runoff P concentration after   
manure application. 
H1: Average runoff P concentration before manure < average runoff P concentration after 
manure application. 
Our results followed the alternate hypothesis. Manure application did create an increase in all P 
forms in runoff. The runoff event with the highest TP concentration prior to manure application 
was in November 2008 (event #4) with a concentration of 0.84 mg L
-1
. The lowest TP 
concentration prior to manure application was in December 2008 (event #6) with a concentration 
of 0.11 mg L
-1
.  The mean P concentrations prior to manure application were: TP= 0.38 mg L
-1
; 
TDP=0.16 mg L
-1
; PP= 0.23 mg L
-1
; DRP =0.07 mg L
-1
; and DOP=0.09 mg L
-1
.  The proportions 
of the different concentrations in the runoff before and after manure application are shown in 
Figure 18.Approximately 63% of the TP was in the PP form prior to manure application. This is 
indicative of the majority of the P lost in runoff being associated with eroded sediment. Only 
19% of the TP occurred as DRP form prior to manure application. The distributions of the 
average percentages of the different P fractions are shown in Figure 19. There was a statistical 
difference between individual runoff events prior to manure application (events 1-13) for 
concentrations of TDP and DOP (Table 3), but TP, PP, and DRP concentrations did not 
statistically differ between runoff events. Dissolved organic P could have statistical differences 
in concentrations over time due to influences of microbial processes controlling the 
immobilization/mineralization of the P on the surface. There is not a seasonal pattern of higher or 
lower DOP concentrations, and, thus, shows this variation was not attributed solely to the 
climate. There was a negative correlation between DOP and runoff volume (Spearmans ρ= -0.54; 
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Figure 18. Average concentrations of P fractions in runoff before and after manure application. 
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Figure 19. Percentages of the total P for the different P fractions in runoff before and after manure application. 
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 64 
 
 
Table 3. Mean phosphorus concentrations for the different runoff events prior to manure 
application and Tukey HSD Statistical Difference* 
     TDP 
 
DOP 
  
----------------mg L
-1
---------------- 
Event 1 
 
0.16 AB 
 
0.09 AB 
Event 2 
 
0.16 AB 
 
0.10 AB 
Event 3 
 
0.67 A 
 
0.48 A 
Event 4 
 
0.07 B 
 
0.03 BCD 
Event 5 
 
0.09 B 
 
0.06 ABCD 
Event 6 
 
0.06 B 
 
0.04 ABCD 
Event 7  
 
0.31 AB 
 
0.13 ABCD 
Event 8 
 
0.03 B 
 
0.01 D 
Event 9  
 
0.13 AB 
 
0.07 ABC 
Event 10 
 
0.11 AB 
 
0.06 ABCD 
Event 11 
 
0.04 B 
 
0.006 CD 
Event 12 
 
0.14 AB 
 
0.02 BCD 
Event 13   0.11 AB 
 
0.08 AB 
 
*Means in each column followed by the same letter are not different by Tukey Honestly 
Significant Difference at α=0.05. 
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p-value=0.04). The highest concentrations of DOP were associated with the lowest runoff 
volumes. Dissolved organic P in the runoff was as variable as the runoff volumes. The negative 
correlation between these two factors indicates that the majority of the DOP in the runoff 
occurred with the initial runoff produced from the plots, and there appeared to be a dilution 
effect taking place.          
As expected, manure application caused an increase in P concentrations, with the levels 
of all P forms being greatest for the first runoff event following application (Table A.6). During 
the application event in April, 2009, approximately 3.0 cm (1.19 in) of manure was applied to the 
study area over a period of 1.5 hours. This is representative of approximately 3104 L (820 
gallons) applied to each plot (1400 ft
2
). Total P from the manure was applied at a rate of 
approximately 6.1 kg TP ha
-1 
(5.4 lbs TP ac
-1
). Dissolved reactive P was applied at a rate of 
approximately 0.5 kg DRP ha
-1
 (0.44 lbs DRP ac
-1
). The manure was not incorporated after 
application, and the first rainfall event occurred five days after manure application. A study by 
Vadas et al. (2007) in which the first rainfall event after surface application of dairy manure 
occurred 7 days later suggested that rainfall occurring that soon after manure application 
represents a worst case scenario for manure P loss.  
The TP concentration for event 14, the first rainfall event after application, accounted for 
20% of the applied manure TP concentration. The manure nutrient concentrations are given in 
Table 4.  This result shows that approximately 80% of the TP from the applied manure did not 
leave with the runoff after the first rainfall event. Mean P concentrations in runoff following 
manure application were: TP=20.2 mg L
-1
; TDP=14.3 mg L
-1
; PP=5.9 mg L
-1
; DRP=12.2 mg L
-1
; 
and DOP=2.0 mg L
-1
. After manure application the P form comprising the largest portion of TP 
was DRP as opposed to prior manure application where PP was the largest P fraction.  
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Table 4. Manure nutrient concentrations. 
Plot TP DRP 
NO3
-
+NO2
-
 NH3 TKN pH TOC TS 
 
---------------------------------------------mg L
-1
--------------------------------------------- 
Mean 157.67 12.53 0.65 385.89 859.59 8.19 229.08 9015.78 
 
Interestingly, the DRP concentration from event 14 was approximately 40% higher than the 
manure DRP concentration. This suggests that a portion of the unreactive P is mineralizing after 
application. Our results are consistent with Gilley et al. (2007), who attributed the increased DRP 
levels in runoff following manure application to mineralization of the organic P fractions 
contained in manure. Conversely, Sharpley and Moyer (2000) showed a reduction in water 
soluble P in runoff under simulated rainfall in consecutive rainfall events following manure 
application, citing leaching of soluble P as the reason for the reduction. Gilley et al. (2007) also 
reported that when beef cattle manure was incorporated, compared to surface applied, the TP 
concentration in surface runoff was approximately 2 mg L
-1
 compared to approximately 4 mg L
-1
 
for surface applied manure under simulated rainfall in Nebraska. The runoff concentrations of 
DRP and PP in that study were reduced by approximately half when the manure was 
incorporated. This reduction in the amount of P in the runoff after incorporation shows why the 
NRCS guidelines in Practice Standard 590 for manure application recommend incorporating the 
manure immediately after application (NRCS, 2003). However, the study did report that the 
amount of time between manure application and the first rainfall event had a greater effect on the 
P concentrations in runoff than did tillage practices. 
 In our study approximately 69% of the TP was in the DRP form following manure 
application. Vadas et al. (2007) found similar results after manure application. They observed 
 67 
 
that the DRP concentration in runoff was the greatest from the first runoff event following dairy 
manure application, and that the DRP concentration in runoff decreased in subsequent runoff 
events. Further, the PP contributed only 23% of the TP following manure application. The 
average P concentrations for event 15 of our study, which occurred three days after the first 
event and eight days after manure application, were considerably less than event 14. Total P loss 
in runoff was reduced by approximately 63% from the first runoff event three days earlier, by 
84% for PP, by 48% for DRP, by 83% for DOP, and by 53% for TDP. Sharpley and Moyer 
(2000) showed similar results for TP reduction in a simulated rainfall runoff study in 
Pennsylvania. They reported a 58% reduction of TP after five simulated rainfall events, with the 
greatest reduction between the first and second rainfall event after manure application. 
 Dissolved organic P, also referred to as dissolved unreactive P, had the lowest 
concentration of all P fractions in the two runoff events occurring after manure application. Prior 
to manure application the concentration of DOP was similar to or greater than the DRP 
concentration for 8 of the 13 pre-manure runoff events. The small amount of DOP relative to TP 
post-manure application may be due to its loss via leaching. The manure slurry applied had a low 
solids content (0.9%) making it more susceptible to leaching losses after application. Studies 
have shown that DOP is a dominate form of P in soil leachate from areas that have received 
manure applications (Koopmans et al., 2007; Anderson and Magdoff, 2005; Chardon et al., 
1997). Further, the study field is not immediately plowed after manure application, which allows 
for potential accelerated leaching losses via macropores. A statistically significant reduction in 
concentrations of all P forms occurred between events 14 and 15 with the exception of DOP 
(Table 5).  Although not significant, the DOP was reduced by 83% and this suggests that the 
majority of DOP in the manure was either leached or mineralized after application.   
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Table 5. Mean phosphorus concentrations in runoff for the different runoff events after 
manure application and Tukey HSD Statistical difference* 
Rain Event   TP TDP PP DRP 
                     ----------------------------mg L
-1
-------------------------- 
Event 14 
 
31.50 A 20.83 A 10.66 A  17.40 A 
Event 15     8.89B   7.69 B   1.20 B   7.09 B 
*Means in each column followed by the same letter are not different by Tukey Honestly 
Significant Difference at α=0.05. 
 
  The pre-manure runoff event with both the highest TP and DRP concentrations also had 
the lowest volume of runoff (Table 3). Although this result may be counter-intuitive, it may in 
fact be explained by the lack of a dilution effect that occurs with larger runoff volumes. Another 
possible reason for this result may be that a lower flow volume has a greater chance for 
interaction with the soil surface thereby allowing more P to be carried off with runoff water. Pote 
et al. (1996) reported that the DRP concentrations in runoff decreased as the flow rate increased. 
They explained this by the dilution effect, the reduced interaction of water and soil surface with 
increasing flow volumes, and the majority of the soil solution DRP being removed in the 
beginning of the runoff event. McDowell and Sharpley (2002) reported a decrease in DRP and 
PP concentrations with increasing flow volume from packed soil boxes containing two different 
Pennsylvania soils under simulated rainfall conditions and attributed this result to a dilution 
effect. Our results are consistent with these studies because the greatest runoff volume had the 
lowest DRP concentration.  
 Overall, PP was the dominate form of P found in the runoff from the study plots, 
representing 59% of the TP (Figure 20). This result indicates that the majority of P in runoff was 
associated with particulate matter. There was a very high positive correlation between TP and PP 
(Spearmans ρ=0.90; p-value=<0.01) (Table A.10). Runoff event #8 produced the greatest amount  
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Figure 20. Average phosphorus concentrations of the total phosphorus for the sampling 
period. 
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of sediment for pre-manure events (Table A.8). Indeed, PP contributed to the highest percentage 
of TP in this event, >90% of TP. Particulate P was correlated with TS across all events 
(Spearmans ρ=0.56; p-value=0.03). Although PP is not an immediate threat to water quality it 
can still negatively affect water quality in the future as the P associated with the sediment can 
desorb and become soluble and, thus, bio-available (Sharpley et al., 1995). The summed 
percentages of the different P fractions in runoff are greater than 100% for some events. This is 
explained by the protocol for the fractionation methodology which uses a 0.45 µm filter to 
operationally define PP and dissolved forms of P. It is possible for some small clay and colloid 
particles to pass through the 0.45 µm filter causing small amounts of PP to be included in the 
measurement of TDP.  
The primary form of P lost in runoff after manure application was DRP as opposed to 
prior to manure application when PP was the primary form of P lost in runoff (57% and 80% of 
the TP, respectively). The greater amount of DRP in the runoff can be due to the higher 
availability of soluble P at the surface being added in the manure. This change in dominate P 
form in runoff after manure application suggests that the majority of the P that is potentially lost 
in runoff was contributed from the manure, not the soil. Kleinman et al. (2002) showed similar 
results. They reported that runoff after dairy manure amendments had greater TP and DRP 
concentrations in runoff compared to the control of no manure application. Further, they showed 
that DRP was the dominate P form in runoff after dairy manure was surface applied (42-100% of 
TP) compared to the control of no manure application, which was only 5 to 16% of the TP. 
Before manure application, the DRP concentrations for this study ranged from 5 to 27% of the 
TP. There was a significant increase in concentrations of all P forms after manure application  
compared to pre-manure (Table 6).  
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Table 6. Mean phosphorus concentrations for manure and no manure rainfall events and 
Tukey HSD Statistical Difference* 
Application       TP    TDP      PP    DRP DOP 
  
   -------------------------------------mg L
-1
------------------------------------- 
Pre Manure    0.38 A   0.16 A   0.23 A   0.07 A 0.09 A 
Post Manure  20.20 B 14.30 B   5.93 B 12.24 B 2.02 B 
      *Means in each column followed by the same letter are not different by Tukey Honestly 
Significant Difference at α=0.05. 
 
 The pH of runoff water was greater after manure application for both events following 
manure application (Table A.7). This result is indicative of the presence of calcium in the 
manure. Calcium is a common additive for cattle diets, and much of the calcium is excreted in 
manure. Land application of the manure can cause an increase in the soil pH (Eghball, 1999; 
Klemesrut et al., 1998). Sharpley et al. (2004) reported an increase in soil pH in soils that have 
received manure compared to soils that have had no manure amendments. In this study, the pH 
for the soils treated with dairy manure ranged from 0.6 to 0.9 pH units higher than the soils not 
treated with dairy manure. 
 To serve as an indicator of the water quality of Pond Creek, which runs adjacent to the 
study site, the P concentrations in runoff from the study plots were compared to the ecoregion 67 
(Ridge and Valley) reference stream concentrations. The reference stream for this ecoregion is  
Wolf Creek. Reference streams are used to serve as a comparison for chemical, physical, and 
biological water quality within a particular ecoregion. The reference stream is thought to be the 
least impacted water body within a particular ecoregion to which the level of water quality 
degradation of more impacted streams can be compared. Only TP concentration is reported for 
the ecoregion 67 reference stream and its 3 year average was 0.047 mg P L
-1
(TDEC, 2000).  The 
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minimum TP concentration over this time period was 0.002 mg P L
-1
, while the maximum 
concentration was 3.00 mg P L
-1 
(TDEC, 2000). The guideline for TP concentration for streams 
located in ecoregion 67f (Southern Dolomite Valley and Low Rolling Hills) is 0.04 mg L
-1
 
(TDEC, 2009).This guideline is based on the 90
th
 percentile of TP levels at the reference sites for 
this particular ecoregion (TDEC, 2009).  The average TP concentration in the runoff from the 
field was 0.37 mg L
-1
, and the minimum and maximum concentrations were 0.11 mg L
-1
 and 
0.84 mg L
-1
. The mean total P concentration from the runoff plots prior to manure application 
was approximately 8 times higher than the reference stream average. The lowest TP 
concentration from the runoff was still over twice the guideline TP concentration level for 
streams in this ecoregion. Therefore, based on this data the runoff coming from the study site 
could contribute Pond Creek to fail to meet water quality goals for TP. As previously mentioned, 
the PP comprised over half of the TP concentration for the majority of the samples. There are 
many potential transformations in which P in the runoff can undergo before reaching the stream. 
Therefore, this is only an estimate of the concentrations of P that the study field may be 
contributing to the receiving waters of Pond Creek. The runoff coming from the study site still 
fails to meet the desired P concentrations in surface water even when PP is excluded. Throughout 
the entire study period only event 8 and 11 had TDP concentrations at or less than 0.04 mg L
-1
. 
In addition, it is important to keep in mind that the majority of the runoff from this site enters a 
karst sinkhole feature rather than entering Pond Creek directly. Further, Pond Creek in not listed 
on the 303d list for P, but TP concentrations in Pond Creek exceed those of the ecoregion 
reference stream.  
 
 
 73 
 
Soil  
Soil samples taken from the area of the runoff plots prior to their construction showed an  
average Mehlich 3 P (M3P) value of 71 mg kg
-1
, with the concentrations ranging from 41 to 88 
mg kg
-1
. Many studies have shown a positive relationship between soil test P concentrations and 
runoff DRP concentrations (Davis et al., 2005; McDowell and Sharpley, 2001; Cox and 
Hendricks, 2000; Pote et al., 1996; Sharpley, 1995; Daniel et al., 1994; Wendt and Alberts, 1984; 
Romkens and Nelson, 1974). McDowell and Sharpley (2001) showed an increase in DRP 
concentration in surface runoff with increases in M3P in all soil types that they tested from 
Pennsylvania and the United Kingdom under simulated rainfall. Furthermore, they noted that soil 
test M3P concentrations above 185 mg kg
-1, a so called „change point‟, had a greater increase in 
DRP runoff concentrations per increase inM3P compared to M3P concentrations below this 
level. The mean M3P concentration from our study plot location was less than half of this change 
point. Davis et al. (2005) reported similar results of DRP in runoff being correlated with M3P 
concentration in soils from Oklahoma under simulated rainfall. Schindler et al. (2009) reported 
that M3P extraction along with other similar soil extracting solutions (Olsen, Bray, and Kurtz) 
were the best predictors of DRP in runoff in South Dakota under simulated rainfall conditions. 
Wendt and Alberts (1984) reported a positive relationship between soil labile P and DRP in 
runoff in Missouri under natural rainfall conditions. It is important to note that all these studies 
did not have manure applied. The correlation of soil M3Pconcentration and DRP concentration 
in runoff is beyond the scope of this project as we only collected runoff from specific areas of the 
field which had similar M3P concentrations.     
A total of five concentric rings from areas of increasing elevation from the base of the 
sinkhole were sampled to determine if P is moving within the sinkholes and the form associated 
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with the different spatial locations. The hypothesis tested to determine if TP concentration in the 
lowest elevation of the sinkhole is spatially different from the TP concentration at the ridge is as 
follows: 
H0: Low elevation TP concentration = higher elevation TP concentration 
H1: Low elevation TP concentration > higher elevation TP concentration  
 The TP concentrations in the soils follow the alternate hypothesis that suggests that P is moving 
from higher elevations to lower elevations in the sinkhole (Figure 21). The average concentration 
of the outermost ring was 914 mg kg
-1
, and the average TP concentration in the base of the 
sinkhole was 3116 mg kg
-1
.  The TP concentration is approximately 3.4 times greater in the base 
of the sinkhole compared to the outermost delineation of the sinkhole. The mean TP 
concentration in the base of the sinkhole is statistically different from the two outermost rings. 
Further, the TP concentration in the base is statistically different than all of the concentric rings. 
Rings 1 and 2 were not statistically different from each other, and rings 3, 4, and 5 were not 
statistically different from each other in terms of TP. Erosion of clay particles may be at least 
partially responsible for the increasing P concentrations at lower elevations because the majority 
of P bound to sediment is generally associated with the clay particles. The base of the sinkhole 
remains inundated for extended periods of time following rainfall events. For this reason crops 
are not planted in the base of the sinkhole. This minimizes the P lost from the field via crop 
removal, and can be a contributing factor for the higher P concentration in the base of the 
sinkhole.  Day et al. (1987) reported that TP concentrations from an Ultisol were directly related 
with the amount of clay in the lower landscape positions in northwest Florida. They reported that 
the greater clay content fraction in the lower landscape positions was likely due to deposition 
from higher areas of the landscape. Our results are consistent with these results. Although our 
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Figure 21. Spatial distribution of the mean amount of TP within the sinkhole and Tukey 
HSD statistical difference* 
*Means in each column followed by the same letter are not significantly different by Tukey 
Honestly Significant Difference at α=0.05. 
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study did not determine the amount of clay entering the sinkhole from the varying landscape 
elevations, it is still highly probable that a portion of the TP found in the base of the sinkhole is 
associated with clay particles due to the history of tillage and crop production of this field and its 
susceptibility to erosion. It is probable that the significantly higher TP content in the base of the 
sinkhole resulted from a combination of effects including erosion of clay particles and manure 
particulates as well as adsorption of solution P from runoff water following manure applications. 
Dissolved reactive P was the dominate form of P after manure application and it is likely that the 
high clay of the sinkhole base is sorbing some or most of that DRP out of solution. 
 Spatial differences in M3P concentrations at differing elevations were tested using 
the following hypothesis: 
 H0: Mehlich-3 P at lower elevations is = Mehlich-3 P at higher elevations 
 H1: Mehlich-3 P at lower elevations is > Mehlich-3 P at higher elevations 
Overall, M3P follows the alternate hypothesis. However, M3P concentrations at all elevations 
above the base of the sinkhole follow the null hypothesis (Figure 22). The concentration of 
Mehlich 3 extractable P was the highest in the lowest elevation of the sinkhole. The average 
Mehlich 3 P concentration in the base of the sinkhole was 281 mg kg
-1
.  The Mehlich 3 P 
concentrations in the four higher elevation rings ranged from 139 to 183 mg kg
-1
. The Mehlich 3 
P concentration in the base of the sinkhole was statistically greater than all of the higher 
elevation samples within the sinkhole, but the concentrations in all five of the rings above the 
base of the sinkhole were not statistically different from each other. The base of the sinkhole had 
the greatest concentration of M3P, but the proportion of M3P relative to TP was the smallest of 
all elevations, accounting for only 9% of the TP. Further, there was a positive correlation 
between M3P and TP (Spearmans ρ=0.63; p- value=<0.01) (Table B.11)  
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Figure 22. Spatial distribution of the mean amount of Mehlich 3 P within the sinkhole and 
Tukey HSD Statistical difference* 
*Means in each column followed by the same letter are not different by Tukey Honestly 
Significant Difference at α=0.05. 
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Day et al. (1987) reported that a large portion of the TP in lower elevation depositional 
areas was occluded, which is not extractable by Mehlich 3. Our results are consistent with their 
finding, which indicates the majority of the P in the base of the sinkhole is recalcitrant. These 
recalcitrant forms of P that may be present include occluded P and precipitated calcium 
phosphates adsorbed to the clay particles. Mehlich 3 P comprised the largest percentage of TP at 
highest elevation samples within the sinkhole, but this was still only 18% of TP. Table B.10 
shows the M3P percentages of the TP. Sharpley et al. (2004) reported M3P percentages of the TP 
ranging from approximately 18 to 41% for soils that have received dairy manure applications. 
Spatial differences in the TOP concentrations at differing elevations were tested using the 
following hypothesis: 
H0: Total organic P in lower elevations = total organic P in higher elevations 
H1: Total organic P in lower elevations > total organic P in higher elevations 
Total organic P concentrations within the sinkhole followed a trend opposite of that of TP and, 
therefore, follow the null hypothesis.  The average TOP concentration was highest at the highest 
elevation of the sinkhole at 513 mg kg
 -1
.The lowest average TOP concentration was observed in 
the lowest (closest to the base) concentric ring. The concentration for this ring was 382 mg kg
-1
, 
and the average TOP concentration in the base of the sinkhole was slightly higher with a 
concentration of 407 mg kg
-1
. There was a slight increase in concentration from the lowest 
elevation to the highest elevation of the sinkhole. This is represented in Figure 23. The two 
lowest elevations had a statistically higher concentration of TOP compared to the outermost ring 
at the highest elevation. However, the TOP concentration of the intermediate elevations, i.e. 
rings 3, 4, are not statistically different than TOP at the base of the sinkhole.  Therefore, the 
percentage of TOP relative to TP gradually increases as elevation increases from the base of the  
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Figure 23. Spatial distribution of the mean total organic phosphorus concentrations and 
Tukey HSD Statistical difference* 
*Means in each column followed by the same letter are not different by Tukey Honestly 
Significant Difference at α=0.05. 
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sinkhole from approximately 13% at the base to 57% at the highest ring. This is represented in 
Table B.9. Several studies have shown that the inorganic P fraction is dominate in soils that have 
had long-term (>10 yr) manure applications (Sharpley et al., 2004; Motavalli and Miles, 2002; 
Gale et al., 2000; Sharpley et al., 1998). Sharpley et al. (2004) reported that there was an increase 
in both inorganic P and organic P, but that the proportion of organic P to inorganic P decreased 
on manured soils compared to untreated soils. In their study using soils from New York and 
Pennsylvania organic P comprised 55 to 65% of the TP whereas organic P was 21 to 43% of the 
TP for soils that had not received manure application. The gradual decrease in the TOP 
percentage of the TP for our study indicates that the manure does change the P distribution in the 
sinkholes from higher elevation to lower elevation and further suggests that manure is being 
transported via runoff to the base of the sinkhole and accumulating there.  
The P sorption index (PSI) gives a relative estimate of the amount of P a given soil can 
potentially sorb. If the amount of P currently sorbed on the soil is known, the PSI can determine 
how much more P can sorb to a soil before saturation is reached. This is important because once 
a soil becomes saturated it will no longer adsorb further additions of P, meaning the soil no 
longer has the ability to remove P from the water moving either over or through the soil.  
Spatial differences in the P sorption capacity of the soil at differing elevations were tested 
using the following hypothesis: 
H0: Maximum P sorption capacity in lower elevations = maximum P sorption capacity in 
higher elevations 
H1: Maximum P sorption capacity in lower elevations < maximum P sorption capacity in 
higher elevations 
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Maximum P sorption capacity of the sinkhole soils follows the null hypothesis. There was no 
statistical difference in the maximum P sorption capacity in the base of the sinkhole compared to 
the highest elevation of the sinkhole. Within the sample sinkhole, the amount of P the soil can 
potentially sorb was greatest in soil at the mid-elevations of the sinkhole. The base of the 
sinkhole sorbed the least amount of P and had an average concentration of 284 mg kg
-1
 (Figure 
24). The concentrations of P the soils are able to sorb for rings one through five ranged from 
303.5 to 378.8 mg kg
-1
 with no distinctive pattern. The amount of P sorbed from the initial P 
containing solution (75 mg P L
-1
) in the base of the sinkhole was not statistically different from 
rings 4 and 5. Rings 1, 2, 3, and 5 were not statistically different from each other. The lower 
amount of the potential P sorption to the soils in the base of the sinkhole is indicative of higher P 
saturation of these soils. There was a very high negative correlation between the amount of P 
sorbed by the soil within the sinkhole and the M3P (Spearmans ρ=-0.51; p-value=<0.01). This 
shows that the more P saturated the soil is the more P is available for plant uptake. The soils in 
the base of the sinkhole are receiving the soluble P from the higher elevations and, thus, 
saturating the soils in the base of the sinkhole to a greater extent than the soils at higher 
elevations. Brady and Weil (2002) noted that soils capable of fixing more than 350 mg P kg
-1
 are 
considered to be high P fixing soils. Three of the five concentric rings at different elevation had a 
mean P fixation capacity of greater than 350 mg P kg
-1
. Based on the PSI method for determining 
the maximum P sorption capacity in soil, the soils in all locations of the sinkhole have not 
reached the maximum P sorption capacity and, thus, have the ability to act as a P sink. 
 The most distinctive movement of P within the sinkhole is the TP. This followed the 
alternate hypothesis stated above that P is moving from higher elevations to the lower elevations 
and being deposited in the base of the sinkhole. Once in this depositional area, the P can be  
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Figure 24. Spatial distribution of the mean amount of P the soils are capable of sorbing 
within the sinkhole and Tukey HSD Statistical difference* 
 
*Means in each column followed by the same letter are not different by Tukey Honestly 
Significant Difference at α=0.05. 
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sorbed to eroded clay particles that are present, which act as a sink for P. Theoretically, this is 
keeping the majority of P entering the sinkhole itself. However, once the P saturation capacity of 
this soil is surpassed, it will then become a source of P rather than a sink, thereby allowing 
soluble P to enter the sinkhole more readily. To test if the sinkhole is a source or a sink for P the 
initial P (Pin) concentration used to determine the maximum P sorption capacity was compared 
against the equilibrium P concentration (Peq) after interaction with the soils within the sinkhole. 
For the determination of whether the sinkhole is acting as a source or a sink was tested using the 
following hypothesis: 
 H0: Pin = Peq 
 H1: Pin > Peq 
Our results are consistent with the alternate hypothesis that the sinkhole is acting as a sink 
because the soils did sorb the P out of solution indicating that the soils have not reached the 
saturation capacity. The fraction of TP that is moving is most likely inorganic P constituents, in 
particular calcium, iron, and aluminum phosphates. This result supports published data that 
reports that dairy manure consists mostly of inorganic P. Theoretically the ridge of the sinkhole 
(Elevation=285 meters; Ring 5) would have less interaction with the P in runoff and manure as 
runoff water and manure would be moving from areas of higher elevation to areas of lower 
elevation.  
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CHAPTER IV 
CONCLUSION 
The karst topography of the study field presents a unique situation in regards to edge-of-
field runoff and its effects of surface water quality. From the runoff events that occurred between 
October, 2008 and May, 2009 that were used to evaluate the movement of P constituents 
associated with runoff from this particular field, TP never exceeded 1 mg L
 -1
 prior to manure 
application, but all runoff events had TP concentrations greater than the upper threshold limit for 
water quality criteria for the Southern Dolomite Valleys and Low Rolling Hills sub-ecoregion.  
Phosphorus concentrations in the low µg DRP L
-1
 range can potentially stimulate aquatic growth 
to undesirable levels (McDowell et al., 2004), and DRP concentrations in runoff for all rainfall 
events exceeded this range.  It is important to note that only 12% of the field contributes to 
runoff that leaves the field and enters surface water directly. Therefore, the P loss from this field 
is considered to by indirectly able to impair the water quality of Pond Creek.  
The results for the first objective of characterizing the soil P status of the study field 
showed the following: 
The M3P concentrations that were determined by extensive soil sampling of the entire 140 acre 
field showed that the application of dairy manure has had an influence on the soil P status. The 
areas closest to the two milking parlors had the greatest M3P concentrations due to continual and 
non-uniform application to these areas.  The concentration of M3P was lower in the areas that 
have not had the manure applied as frequent. However, due to the unique hydrology of this field, 
drainage from the high P areas does enter into the numerous sinkholes present in this field and 
may eventually enter surface water. Further, the majority of the field had M3P concentrations 
well in excess of crop requirements. The other Mehlich 3 extractable nutrients, Ca, Mg and K, 
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tended to have the same localized high concentrations in areas that generally received the 
greatest amount of manure. This shows that other nutrients besides P can accumulate in the soil 
where manure is frequently applied.   
The results for the second objective of determining the quantities and forms of P lost via 
surface runoff to a sinkhole feature showed the following: 
The dominate form of P associated with runoff was PP prior to manure application. There was a 
very high positive correlation between TP and PP (Spearmans ρ=0.90; p-value=<.01). This 
shows that that the sediment was enriched with P and made up, on average, the majority of P 
associated with the runoff. There was, however, a very minimal amount of sediment associated 
with the runoff. The application of manure created a change in the dominate form of P in runoff, 
from PP to DRP. The temporal trends for the runoff showed that the only fractions of P that were 
statistically different over time were TDP and DOP, with no distinct pattern of higher or lower 
concentrations. On average, DRP contributed to only a small fraction of the total P prior to 
manure application. Because DRP made up the majority of the TP after manure application for 
both events, it shows that the majority of DRP in the runoff is contributed by the manure instead 
of the soil. Manure application caused a statistically significant increase in concentration for all P 
forms compared to pre-manure application. The concentrations of all P forms decreased 
precipitously after the second rainfall event after manure application as compared to the first 
rainfall event post-application. There was a statistically significant decrease between the first and 
second runoff events occurring after manure application for all P forms except DOP.  This shows 
the importance of incorporating the manure after application. The results showed that both TP 
and TDP greatly exceeded the water quality criteria limit for this particular ecoregion. From this 
it is know that other areas of similar landuses that have flow paths that leave the field in this 
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particular ecoregion have the potential to degrade the water quality of adjacent or nearby 
streams. 
The results for the third objective of quantifying the movement soil P within a sinkhole 
feature showed the following: 
The soil TP concentrations at various elevations within a sinkhole feature show that P is moving 
in the soil from areas of higher elevation to the base of the sinkhole. The movement of P is 
attributed to both erosion of clay particles and runoff of manure. The high TP concentration in 
the base of the sinkhole also had the smallest percentage of M3P indicating that the majority of 
the P is recalcitrant and biologically unavailable. The majority of the P moving within the 
sinkhole is in the inorganic form as evidenced by the transition from organic to inorganic P as 
elevation decreases. The majority of the P in the soil at the highest elevation in the sinkhole is in 
an organic form, while the majority of the P in the base of the sinkhole is in an inorganic form. 
This shows that long-term dairy manure application has contributed to a shift of predominately 
organic P in the higher elevations to mostly inorganic P in the base of the sinkhole because the 
majority of P in dairy manure is in an inorganic form.  
 From this study it can be concluded that long-term dairy manure applications have an 
effect on the P distribution of the soils on which they are applied. The dominate form of P 
associated with runoff was predominately associated with sediments before manure application. 
Immediately after manure application, DRP was the dominate form of P in runoff, suggesting 
that P loss after manure application can be attributed to the manure, not the soil. There was a 
statistically significant distribution of soil P forms within the sinkhole feature from higher 
elevation to lower elevation. In order to reduce the amount of P movement from this study 
location, incorporation of manure would likely have the greatest effect in reducing P losses via 
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runoff. Further, uniform application of manure could reduce localized areas of high P 
accumulation in the soil. Finally, since the majority of P is bound to eroded sediments when 
manure has not been applied recently, reducing tillage and maintaining cover crops would be of 
the greatest benefit for minimizing erosion losses. 
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Table A. 1. Total P from each plot by runoff event. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*N/A: No runoff produced from plot.
  Plot 1   Plot 2   Plot 3   Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 0.20 
 
0.19 
 
0.57 
 
0.32 
Event 2 0.42 
 
0.15 
 
0.05 
 
0.21 
Event 3 1.51 
 
0.41 
 
0.62 
 
0.84 
Event 4 0.12 
 
0.33 
 
0.05 
 
0.17 
Event 5 0.42 
 
0.12 
 
0.05 
 
0.20 
Event 6 0.13 
 
0.17 
 
0.02 
 
0.11 
Event 7  1.03 
 
0.18 
 
0.87 
 
0.69 
Event 8 0.38 
 
0.35 
 
0.31 
 
0.35 
Event 9  0.21 
 
0.38 
 
0.12 
 
0.24 
Event 10 0.40 
 
0.07 
 
0.62 
 
0.37 
Event 11 0.12 
 
0.41 
 
0.39 
 
0.31 
Event 12 1.07 
 
0.27 
 
0.23 
 
0.52 
Event 13 1.04 
 
0.38 
 
0.32 
 
0.58 
Manure Applied 
Event 14 29.76 
 
N/A 
 
33.24 
 
31.50 
Event 15 10.58   7.21   N/A   8.89 
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Table A. 2. Particulate P from each plot by runoff event. 
*N/A: No runoff produced from plot. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Plot 1   Plot 2   Plot 3   Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 0.13 
 
0.12 
 
0.23 
 
0.16 
Event 2 0.17 
 
0.07 
 
0.06 
 
0.10 
Event 3 0.16 
 
0.19 
 
0.17 
 
0.17 
Event 4 0.02 
 
0.25 
 
0.03 
 
0.10 
Event 5 0.25 
 
0.06 
 
0.02 
 
0.11 
Event 6 0.06 
 
0.13 
 
0.06 
 
0.08 
Event 7  0.69 
 
0.18 
 
0.55 
 
0.47 
Event 8 0.36 
 
0.32 
 
0.28 
 
0.32 
Event 9  0.10 
 
0.20 
 
0.04 
 
0.11 
Event 10 0.26 
 
0.04 
 
0.49 
 
0.26 
Event 11 0.20 
 
0.35 
 
0.25 
 
0.27 
Event 12 0.79 
 
0.21 
 
0.21 
 
0.40 
Event 13 0.88 
 
0.29 
 
0.23 
 
0.47 
Manure Applied 
Event 14 10.07 
 
N/A 
 
11.26 
 
10.66 
Event 15 1.69   0.71   N/A   1.20 
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Table A. 3. Total dissolved P from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 0.08 
 
0.07 
 
0.34 
 
0.16 
Event 2 0.25 
 
0.08 
 
0.15 
 
0.16 
Event 3 1.35 
 
0.22 
 
0.45 
 
0.67 
Event 4 0.10 
 
0.08 
 
0.02 
 
0.07 
Event 5 0.17 
 
0.07 
 
0.03 
 
0.09 
Event 6 0.07 
 
0.04 
 
0.06 
 
0.06 
Event 7  0.36 
 
0.26 
 
0.32 
 
0.31 
Event 8 0.03 
 
0.03 
 
0.03 
 
0.03 
Event 9  0.11 
 
0.19 
 
0.08 
 
0.13 
Event 10 0.14 
 
0.04 
 
0.14 
 
0.11 
Event 11 0.04 
 
0.04 
 
0.05 
 
0.04 
Event 12 0.28 
 
0.06 
 
0.07 
 
0.14 
Event 13 0.16 
 
0.09 
 
0.09 
 
0.11 
Manure Applied 
Event 14 19.69 
 
N/A 
 
21.98 
 
20.83 
Event 15 8.89   6.49   N/A   7.69 
*N/A: No runoff produced from plot. 
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Table A. 4. Dissolved reactive P from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 0.03 
 
0.03 
 
0.15 
 
0.07 
Event 2 0.09 
 
0.02 
 
0.05 
 
0.06 
Event 3 0.25 
 
0.09 
 
0.25 
 
0.20 
Event 4 0.05 
 
0.06 
 
0.01 
 
0.04 
Event 5 0.03 
 
0.03 
 
0.01 
 
0.03 
Event 6 0.03 
 
0.005 
 
0.02 
 
0.02 
Event 7  0.29 
 
0.02 
 
0.24 
 
0.18 
Event 8 0.02 
 
0.01 
 
0.02 
 
0.02 
Event 9  0.06 
 
0.09 
 
0.02 
 
0.06 
Event 10 0.07 
 
0.01 
 
0.07 
 
0.05 
Event 11 0.04 
 
0.04 
 
0.04 
 
0.04 
Event 12 0.25 
 
0.05 
 
0.06 
 
0.12 
Event 13 0.08 
 
0.01 
 
0.003 
 
0.03 
Manure Applied 
Event 14 16.02 
 
N/A 
 
18.77 
 
17.40 
Event 15 7.85   6.34   N/A   7.09 
*N/A: No runoff produced from plot. 
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Table A. 5. Dissolved organic P from each plot by runoff event. 
*N/A: No runoff produced from plot. 
 
 
 
 
 
 
 
 
 
 
  Plot 1   Plot 2   Plot 3   Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 0.05 
 
0.04 
 
0.19 
 
0.09 
Event 2 0.15 
 
0.06 
 
0.10 
 
0.10 
Event 3 1.10 
 
0.13 
 
0.21 
 
0.48 
Event 4 0.05 
 
0.03 
 
0.01 
 
0.03 
Event 5 0.14 
 
0.03 
 
0.01 
 
0.06 
Event 6 0.05 
 
0.03 
 
0.04 
 
0.04 
Event 7  0.07 
 
0.24 
 
0.08 
 
0.13 
Event 8 0.00 
 
0.02 
 
0.01 
 
0.01 
Event 9  0.05 
 
0.10 
 
0.06 
 
0.07 
Event 10 0.08 
 
0.03 
 
0.06 
 
0.06 
Event 11 0.004 
 
0.005 
 
0.01 
 
0.006 
Event 12 0.03 
 
0.01 
 
0.01 
 
0.02 
Event 13 0.08 
 
0.08 
 
0.08 
 
0.08 
Manure Applied 
Event 14 3.67 
 
N/A 
 
3.21 
 
3.44 
Event 15 1.04   0.15   N/A   0.60 
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Table A. 6. Mean concentrations of different P fractions in runoff from study plots. 
 
*TP=Total Phosphorus, PP=Particulate Phosphorus, TDP= Total Dissolved Phosphorus, 
DRP=Dissolved Reactive Phosphorus, DOP= Dissolved Organic Phosphorus 
 
 
 
 
 
 
 
 
 
 
 
Runoff  
Event 
Sampling      
Date TP PP TDP DRP DOP 
Runoff 
Volume Rainfall 
  
  -------------------------mg L
-1
------------------------- L cm 
Event 1    10/9/2008 0.32 0.16 0.16 0.07 0.09 12.74 2.79 
Event 2 10/24/2008 0.21 0.10 0.16 0.06 0.10 15.78 1.63 
Event 3 11/7/2008 0.84 0.17 0.67 0.20 0.48 8.15 0.64 
Event 4 11/13/2008 0.17 0.10 0.07 0.04 0.03 16.53 4.76 
Event 5 12/1/2008 0.20 0.11 0.09 0.03 0.06 19.00 7.52 
Event 6 12/12/2008 0.11 0.08 0.06 0.02 0.04 219.00 10.97 
Event 7 1/11/2009 0.69 0.47 0.31 0.18 0.13 171.00 19.35 
Event 8 1/29/2009 0.35 0.32 0.03 0.02 0.01 91.80 3.28 
Event 9 2/23/2009 0.24 0.11 0.13 0.06 0.07 93.40 5.28 
Event 10 3/4/2009 0.37 0.26 0.11 0.05 0.06 40.73 2.79 
Event 11 3/23/2009 0.31 0.27 0.04 0.04 0.006 149.40 4.80 
Event 12 4/8/2009 0.52 0.40 0.14 0.12 0.02 51.80 7.75 
Event 13 4/25/2009 0.58 0.47 0.11 0.03 0.08 19.00 4.32 
Manure Applied (April 25, 2009)    
Event 14 5/1/2009 31.50 10.66 20.83 17.40 3.44 12.83 1.83 
Event 15 5/4/2009 8.89 1.20 7.69 7.09 0.60 19.00 5.51 
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Table A. 7. Average pH value of runoff samples. 
                  Sampling Date             pH 
10/9/2008 6.00 
10/24/2008 6.05 
11/7/2008 6.18 
11/13/2008 5.71 
12/1/2008 5.62 
12/12/2008 5.46 
1/11/2009 5.90 
1/29/2009 5.89 
2/23/2009 6.17 
3/4/2009 5.86 
3/23/2009 6.24 
4/8/2009 6.04 
4/25/2009 5.72 
5/1/2009 8.46 
5/4/2009 7.14 
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Table A. 8. Average sediment amount in runoff samples with rainfall. 
Sampling Date   TS   TS   Rainfall 
  
                                 
grams  
 
     g ha
-1
 
 
    cm  
Event 1 
 
1.27 
 
98.53 
 
2.79 
Event 2 
 
0.88 
 
68.71 
 
1.63 
Event 3 
 
2.63 
 
204.84 
 
0.64 
Event 4 
 
2.20 
 
171.13 
 
4.67 
Event 5 
 
0.77 
 
59.64 
 
7.52 
Event 6 
 
10.93 
 
850.46 
 
10.97 
Event 7 
 
66.63 
 
5183.12 
 
19.35 
Event 8 
 
79.27 
 
6165.81 
 
3.28 
Event 9 
 
21.17 
 
1646.46 
 
5.28 
Event 10 
 
16.17 
 
1257.54 
 
2.79 
Event 11 
 
28.33 
 
2203.93 
 
4.80 
Event 12 
 
14.30 
 
1112.34 
 
7.75 
Event 13 
 
3.03 
 
235.69 
 
4.32 
Manure Applied 
Event 14 
 
52.35 
 
4072.08 
 
1.83 
Event 15   10.00    777.86    5.51 
  *TS=Total Solids 
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Table A. 9. Total solids associated with runoff from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
----------------------------------------g L
-1
---------------------------------------- 
Event 1 0.11 
 
0.09 
 
0.10 
 
0.10 
Event 2 0.07 
 
0.03 
 
0.07 
 
0.06 
Event 3 0.24 
 
0.37 
 
0.23 
 
0.28 
Event 4 0.02 
 
0.35 
 
0.03 
 
0.13 
Event 5 0.03 
 
0.08 
 
0.01 
 
0.04 
Event 6 0.04 
 
0.29 
 
0.05 
 
0.13 
Event 7  0.38 
 
0.27 
 
0.83 
 
0.49 
Event 8 1.07 
 
0.06 
 
0.29 
 
0.47 
Event 9  0.24 
 
0.28 
 
0.05 
 
0.19 
Event 10 0.75 
 
0.05 
 
0.08 
 
0.29 
Event 11 0.05 
 
0.11 
 
0.34 
 
0.17 
Event 12 0.45 
 
0.16 
 
0.27 
 
0.29 
Event 13 0.04 
 
0.35 
 
0.09 
 
0.16 
Manure Applied (April 25, 2009) 
Event 14 4.59 
 
N/A 
 
2.61 
 
3.60 
Event 15 0.71   0.34   N/A   0.53 
*N/A: No runoff produced from plot. 
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Table A. 10. Spearmans ρ values and p-values for runoff P correlations. 
Variable 1 Variable 2 Spearmans ρ p-value 
        
TP PP 0.9000 <0.0001 
TP TDP 0.7071 0.0032 
TP DRP 0.7500 0.0013 
TP DOP 0.5964 0.0189 
TP pH 0.6071 0.0164 
TP TS 0.3821 0.1598 
TP Runoff Volume -0.2724 0.3260 
TP Rainfall -0.2252 0.4197 
TP TOC 0.1964 0.4829 
TP Sulfate 0.5929 0.0198 
TP Nitrate  -0.1648 0.5733 
TP TKN 0.8637 <0.0001 
TP Ammonia 0.7670 0.0014 
    PP TP 0.9000 <0.0001 
PP TDP 0.4786 0.0711 
PP DRP 0.5679 0.0272 
PP DOP 0.3571 0.1913 
PP pH 0.5286 0.0428 
PP TS 0.5643 0.0284 
PP Runoff Volume 0.0072 0.9798 
PP Rainfall 0.0214 0.9395 
PP TOC 0.2464 0.3760 
PP Sulfate 0.5357 0.0396 
PP Nitrate  -0.2659 0.3581 
PP TKN 0.8330 0.0002 
PP Ammonia 0.8198 0.0003 
    TDP TP 0.7071 0.0032 
TDP PP 0.4786 0.0711 
TDP DRP 0.9179 <0.0001 
TDP DOP 0.9071 <0.0001 
TDP pH 0.6179 0.0141 
TDP TS -0.0929 0.7420 
TDP Runoff Volume -0.5305 0.0419 
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Table A. 10. Continued 
Variable 1 Variable 2 Spearmans ρ p-value 
        
TDP Rainfall -0.2413 0.3863 
TDP TOC 0.4893 0.0642 
TDP Sulfate 0.3000 0.2773 
TDP Nitrate  -0.2484 0.3919 
TDP TKN 0.4945 0.0722 
TDP Ammonia 0.4330 0.1220 
    DRP TP 0.7500 0.0013 
DRP PP 0.5679 0.0272 
DRP TDP 0.9179 <0.0001 
DRP DOP 0.7179 0.0026 
DRP pH 0.7929 0.0004 
DRP TS 0.1321 0.6387 
DRP Runoff Volume -0.4086 0.1305 
DRP Rainfall -0.2091 0.4545 
DRP TOC 0.5286 0.0428 
DRP Sulfate 0.3893 0.1515 
DRP Nitrate  -0.1956 0.5028 
DRP TKN 0.5692 0.0336 
DRP Ammonia 0.5604 0.0371 
    DOP TP 0.5964 0.0189 
DOP PP 0.3571 0.1913 
DOP TDP 0.9071 <0.0001 
DOP DRP 0.7179 0.0026 
DOP pH 0.4571 0.0867 
DOP TS -0.1714 0.5413 
DOP Runoff Volume -0.5376 0.0387 
DOP Rainfall -0.3038 0.2709 
DOP TOC 0.4214 0.1177 
DOP Sulfate 0.3286 0.2318 
DOP Nitrate  -0.4242 0.1306 
DOP TKN 0.4022 0.1540 
DOP Ammonia 0.2703 0.3499 
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Table A. 10. Continued 
Variable 1 Variable 2 Spearmans ρ p-value 
        
Rainfall Runoff Volume 0.7552 0.0011 
Rainfall pH -0.3414 0.2130 
Rainfall TOC -0.0456 0.8694 
Rainfall Sulfate -0.4379 0.1026 
Rainfall Nitrate -0.3366 0.2392 
Rainfall TKN -0.2288 0.4314 
Rainfall Ammonia -0.0308 0.9167 
Rainfall TS 0.2020 0.4704 
    Runoff Volume Rainfall 0.7552 0.0011 
Runoff Volume pH -0.2760 0.3194 
Runoff Volume TOC -0.1792 0.5228 
Runoff Volume Sulfate -0.3154 0.2521 
Runoff Volume Nitrate -0.0773 0.7929 
Runoff Volume TKN -0.1082 0.7128 
Runoff Volume Ammonia 0.1744 0.5510 
Runoff Volume TS 0.5914 0.0202 
    pH Rainfall -0.3414 0.2130 
pH Runoff Volume -0.2760 0.3194 
pH TOC 0.4250 0.1143 
pH Sulfate 0.6821 0.0051 
pH Nitrate 0.0110 0.9703 
pH TKN 0.6440 0.0129 
pH Ammonia 0.6176 0.0186 
pH TS 0.2821 0.3083 
    TOC Rainfall -0.0456 0.8694 
TOC Runoff Volume  -0.1792 0.5228 
TOC pH 0.4250 0.1143 
TOC Sulfate 0.1393 0.6205 
TOC Nitrate -0.3802 0.1799 
TOC TKN 0.2352 0.4183 
TOC Ammonia 0.4505 0.1059 
TOC TS 0.0929 0.7420 
    Sulfate Rainfall -0.4379 0.1026 
Sulfate Runoff Volume -0.3154 0.2521 
Sulfate pH 0.6821 0.0051 
Sulfate TOC 0.1393 0.6205 
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Table A. 10. Continued 
Variable 1 Variable 2 Spearmans ρ p-value 
        
Sulfate Nitrate 0.0066 0.9822 
Sulfate TKN 0.7275 0.0032 
Sulfate Ammonia 0.5341 0.0492 
Sulfate TS 0.2071 0.4588 
    Nitrate Rainfall -0.3366 0.2392 
Nitrate Runoff Volume -0.0773 0.7929 
Nitrate pH 0.0110 0.9703 
Nitrate TOC -0.3802 0.1799 
Nitrate Sulfate 0.0066 0.9822 
Nitrate TKN -0.1429 0.6261 
Nitrate Ammonia -0.1516 0.6048 
Nitrate TS -0.1297 0.6586 
    TKN Rainfall -0.2288 0.4314 
TKN Runoff Volume -0.1082 0.7128 
TKN pH 0.6440 0.0129 
TKN TOC 0.2352 0.4183 
TKN Sulfate 0.7275 0.0032 
TKN Nitrate -0.1429 0.6261 
TKN Ammonia 0.8813 <0.0001 
TKN TS 0.5912 0.0260 
    Ammonia Rainfall -0.0308 0.9167 
Ammonia Runoff Volume 0.1744 0.5510 
Ammonia pH 0.6176 0.0186 
Ammonia TOC 0.4505 0.1059 
Ammonia Sulfate 0.5341 0.0492 
Ammonia Nitrate -0.1516 0.6048 
Ammonia TKN 0.8813 <0.0001 
Ammonia TS 0.7846 0.0009 
    TS Rainfall 0.2020 0.4704 
TS Runoff Volume 0.5914 0.0202 
TS pH 0.2821 0.3083 
TS TOC 0.0929 0.7420 
TS Sulfate 0.2071 0.4588 
TS Nitrate -0.1297 0.6586 
TS TKN 0.5912 0.0260 
TS Ammonia 0.7846 0.0009 
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Table A. 11.Nitrate concentrations from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
-----------------------------------mg L
-1
----------------------------------- 
Event 1 2.03 
 
0.84 
 
2.19 
 
1.69 
Event 2 3.16 
 
1.402 
 
2.85 
 
2.47 
Event 3 4.33 
 
2.653 
 
3.51 
 
3.50 
Event 4 1.55 
 
1.092 
 
1.10 
 
1.25 
Event 5 2.19 
 
1.855 
 
2.08 
 
2.04 
Event 6 0.35 
 
1.958 
 
1.31 
 
1.20 
Event 7  1.33 
 
1.257 
 
0.47 
 
1.02 
Event 8 3.13 
 
1.05 
 
2.97 
 
2.38 
Event 9  1.27 
 
2.27 
 
1.40 
 
1.65 
Event 10 2.43 
 
1.08 
 
2.95 
 
2.15 
Event 11 
       Event 12 4.54 
 
1.188 
 
5.34 
 
3.69 
Event 13 1.71 
 
1.02 
 
2.54 
 
1.75 
Manure Applied 
Event 14 nd 
 
N/A 
 
0.91 
 
0.91 
Event 15 nd   nd   N/A   nd 
*N/A: No runoff produced from plot. 
**nd=not detectable 
 
 
Table A. 12.Total Kjeldahl N concentrations from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 0.30 
 
0.12 
 
0.88 
 
0.43 
Event 2 2.30 
 
0.89 
 
0.92 
 
1.37 
Event 3 4.79 
 
2.48 
 
3.41 
 
3.56 
Event 4 1.41 
 
1.64 
 
1.15 
 
1.40 
Event 5 0.10 
 
0.10 
 
0.10 
 
0.10 
Event 6 0.11 
 
0.11 
 
0.11 
 
0.11 
Event 7  2.85 
 
1.44 
 
3.56 
 
2.62 
Event 8 4.66 
 
1.80 
 
5.53 
 
4.00 
Event 9  1.82 
 
3.49 
 
1.68 
 
2.33 
Event 10 2.80 
 
1.07 
 
2.98 
 
2.29 
Event 11 
       Event 12 3.57 
 
1.71 
 
2.44 
 
2.57 
Event 13 3.32 
 
2.21 
 
2.43 
 
2.65 
Manure Applied 
Event 14 105.11 
 
N/A 
 
162.43 
 
94.23 
Event 15 15.55   9.88   N/A   12.71 
        *N/A: No runoff produced from plot. 
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Table A. 13.Ammonia concentrations from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 0.13 
 
0.06 
 
0.41 
 
0.20 
Event 2 1.28 
 
0.30 
 
0.43 
 
0.67 
Event 3 1.38 
 
0.69 
 
1.18 
 
1.08 
Event 4 0.52 
 
0.28 
 
0.24 
 
0.35 
Event 5 0.04 
 
0.04 
 
0.05 
 
0.05 
Event 6 0.24 
 
0.09 
 
0.49 
 
0.28 
Event 7  1.30 
 
1.00 
 
1.61 
 
1.30 
Event 8 1.67 
 
0.54 
 
2.11 
 
1.44 
Event 9  0.97 
 
1.52 
 
0.95 
 
1.14 
Event 10 1.31 
 
0.67 
 
1.47 
 
1.15 
Event 11 0.00 
      Event 12 1.66 
 
0.51 
 
1.41 
 
1.19 
Event 13 1.10 
 
0.69 
 
1.06 
 
0.95 
Manure Applied 
Event 14 58.50 
 
N/A 
 
37.00 
 
47.75 
Event 15 5.96   2.10   N/A   5.96 
*N/A: No runoff produced from plot. 
 
Table A. 14. Total organic P concentrations from each plot by runoff event. 
 
Plot 1 
 
Plot 2 
 
Plot 3 
 
Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 3.43 
 
3.47 
 
3.44 
 
3.45 
Event 2 15.60 
 
3.62 
 
6.87 
 
8.70 
Event 3 nd 
 
nd 
 
nd 
 
nd 
Event 4 8.11 
 
2.80 
 
2.00 
 
4.30 
Event 5 4.46 
 
2.26 
 
2.79 
 
3.17 
Event 6 2.58 
 
2.23 
 
3.00 
 
2.60 
Event 7 4.30 
 
2.66 
 
5.93 
 
4.30 
Event 8 3.16 
 
2.05 
 
3.77 
 
3.00 
Event 9 3.92 
 
6.45 
 
4.67 
 
5.01 
Event 10 5.07 
 
1.90 
 
5.47 
 
4.15 
Event 11 2.80 
 
4.01 
 
2.06 
 
2.96 
Event 12 4.31 
 
3.21 
 
3.28 
 
3.60 
Event 13 2.85 
 
2.27 
 
2.71 
 
2.61 
Manure Applied 
Event 14 192.02 
 
N/A 
 
165.90 
 
178.96 
Event 15 47.18 
 
25.27 
 
N/A 
 
36.22 
*nd=not detectable. 
**N/A: No runoff produced from plot. 
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Table A. 15. Sulfate concentrations from each plot by runoff event. 
 
Plot 1 
 
Plot 2 
 
Plot 3 
 
Mean 
 
--------------------------------------mg L
-1
-------------------------------------- 
Event 1 1.481 
 
1.194 
 
2.037 
 
1.57 
Event 2 3.285 
 
1.542 
 
2.881 
 
2.57 
Event 3 5.587 
 
3.602 
 
5.637 
 
4.94 
Event 4 2.358 
 
1.768 
 
1.835 
 
1.99 
Event 5 3.833 
 
2.372 
 
3.246 
 
3.15 
Event 6 1.037 
 
1.399 
 
1.7535 
 
1.40 
Event 7 1.503 
 
1.907 
 
0.839 
 
1.42 
Event 8 3.397 
 
2.704 
 
4.968 
 
3.69 
Event 9 3.7053 
 
4.355 
 
3.359 
 
3.81 
Event 10 3.371 
 
2.704 
 
4.9655 
 
3.68 
Event 11 3.731 
 
6.317 
 
3.425 
 
4.49 
Event 12 3.908 
 
1.488 
 
1.422 
 
2.27 
Event 13 5.078 
 
2.842 
 
3/143 
 
3.96 
Manure Applied 
Event 14 43.157 
 
N/A 
 
45.5723 
 
44.36 
Event 15 9.28 
 
5.261 
 
N/A 
 
7.27 
*N/A: No runoff produced from plot. 
 
Table A. 16. Dissolved reactive P on a load basis from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
---------------------------------g DRP ha
-1
--------------------------------- 
Event 1 0.03 
 
0.04 
 
0.06 
 
0.04 
Event 2 0.11 
 
0.03 
 
0.06 
 
0.07 
Event 3 0.08 
 
0.12 
 
0.07 
 
0.09 
Event 4 0.06 
 
0.07 
 
0.01 
 
0.05 
Event 5 0.05 
 
0.05 
 
0.02 
 
0.04 
Event 6 0.95 
 
0.01 
 
0.25 
 
0.40 
Event 7  10.74 
 
0.03 
 
0.36 
 
3.71 
Event 8 0.39 
 
0.01 
 
0.08 
 
0.16 
Event 9  1.22 
 
0.13 
 
0.04 
 
0.46 
Event 10 0.31 
 
0.01 
 
0.27 
 
0.20 
Event 11 0.30 
 
0.45 
 
0.49 
 
0.41 
Event 12 0.37 
 
0.07 
 
0.54 
 
0.33 
Event 13 0.11 
 
0.02 
 
0.005 
 
0.05 
Manure Applied 
Event 14 23.68 
 
N/A 
 
9.74 
 
16.71 
Event 15 11.59   9.36   N/A   10.48 
*N/A: No runoff produced from plot. 
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Table A. 17. Total P on a load basis from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
---------------------------------g TP ha
-1
--------------------------------- 
Event 1 0.25 
 
0.26 
 
0.22 
 
0.24 
Event 2 0.51 
 
0.18 
 
0.06 
 
0.25 
Event 3 0.49 
 
0.52 
 
0.19 
 
0.40 
Event 4 0.15 
 
0.43 
 
0.07 
 
0.22 
Event 5 0.62 
 
0.18 
 
0.07 
 
0.29 
Event 6 4.84 
 
0.25 
 
0.25 
 
1.78 
Event 7  37.99 
 
0.26 
 
1.29 
 
13.18 
Event 8 6.20 
 
0.51 
 
1.19 
 
2.63 
Event 9  3.92 
 
0.57 
 
0.18 
 
1.56 
Event 10 1.83 
 
0.10 
 
2.26 
 
1.40 
Event 11 1.01 
 
5.22 
 
5.35 
 
3.86 
Event 12 1.58 
 
0.40 
 
2.06 
 
1.34 
Event 13 1.53 
 
0.56 
 
0.47 
 
0.86 
Manure Applied
Event 14 43.98 
 
N/A 
 
17.24 
 
30.61 
Event 15 15.63   10.65   N/A   13.14 
*N/A: No runoff produced from plot. 
Table A. 18. Particulate P on a load basis from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
---------------------------------g PP ha
-1
--------------------------------- 
Event 1 0.15 
 
0.16 
 
0.09 
 
0.14 
Event 2 0.21 
 
0.09 
 
0.07 
 
0.12 
Event 3 0.05 
 
0.24 
 
0.05 
 
0.11 
Event 4 0.02 
 
0.33 
 
0.04 
 
0.13 
Event 5 0.37 
 
0.09 
 
0.03 
 
0.16 
Event 6 2.15 
 
0.20 
 
0.76 
 
1.04 
Event 7  25.50 
 
0.26 
 
0.82 
 
8.86 
Event 8 5.77 
 
0.47 
 
1.07 
 
2.43 
Event 9  1.80 
 
0.29 
 
0.06 
 
0.72 
Event 10 1.18 
 
0.05 
 
1.76 
 
1.00 
Event 11 1.68 
 
4.46 
 
3.49 
 
3.21 
Event 12 1.17 
 
0.31 
 
1.95 
 
1.14 
Event 13 1.30 
 
0.43 
 
0.34 
 
0.69 
Manure Applied 
Event 14 14.88 
 
N/A 
 
5.84 
 
10.36 
Event 15 2.50   1.05   N/A   1.78 
*N/A: No runoff produced from plot. 
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Table A. 19. Total dissolved P on a load basis from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
---------------------------------g TDP ha
-1
--------------------------------- 
Event 1 0.09 
 
0.10 
 
0.13 
 
0.11 
Event 2 0.30 
 
0.10 
 
0.18 
 
0.19 
Event 3 0.44 
 
0.28 
 
0.14 
 
0.29 
Event 4 0.13 
 
0.10 
 
0.03 
 
0.09 
Event 5 0.25 
 
0.10 
 
0.04 
 
0.13 
Event 6 2.69 
 
0.05 
 
0.73 
 
1.16 
Event 7  13.15 
 
0.39 
 
0.47 
 
4.67 
Event 8 0.43 
 
0.04 
 
0.12 
 
0.20 
Event 9  2.12 
 
0.28 
 
0.12 
 
0.84 
Event 10 0.65 
 
0.05 
 
0.50 
 
0.40 
Event 11 0.33 
 
0.52 
 
0.62 
 
0.49 
Event 12 0.41 
 
0.09 
 
0.64 
 
0.38 
Event 13 0.24 
 
0.14 
 
0.13 
 
0.17 
Manure Applied 
Event 14 29.10 
 
N/A 
 
11.40 
 
20.25 
Event 15 13.37   9.59   N/A   11.48 
*N/A: No runoff produced from plot. 
Table A. 20. Dissolved organic P on a load basis from each plot by runoff event. 
  Plot 1   Plot 2   Plot 3   Mean 
 
---------------------------------g DOP ha
-1
--------------------------------- 
Event 1 0.06 
 
0.06 
 
0.08 
 
0.06 
Event 2 0.18 
 
0.07 
 
0.12 
 
0.12 
Event 3 0.36 
 
0.17 
 
0.06 
 
0.20 
Event 4 0.07 
 
0.03 
 
0.02 
 
0.04 
Event 5 0.20 
 
0.05 
 
0.02 
 
0.09 
Event 6 1.74 
 
0.05 
 
0.49 
 
0.76 
Event 7  2.41 
 
0.36 
 
0.11 
 
0.96 
Event 8 0.04 
 
0.03 
 
0.04 
 
0.04 
Event 9  0.90 
 
0.14 
 
0.08 
 
0.38 
Event 10 0.35 
 
0.04 
 
0.23 
 
0.20 
Event 11 0.03 
 
0.07 
 
0.13 
 
0.077 
Event 12 0.04 
 
0.02 
 
0.10 
 
0.05 
Event 13 0.13 
 
0.12 
 
0.12 
 
0.12 
Manure Applied
Event 14 5.42 
 
N/A 
 
1.67 
 
3.54 
Event 15 1.78   0.22   N/A   1.00 
*N/A: No runoff produced from plot. 
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Soil Data Tables 
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Table B. 1. Total P concentrations for the different spatial locations within the sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 3016.86 2898.83 995.72 1051.68 831.65 795.66 
2 2949.59 2283.73 1471.73 999.63 902.38 776.68 
3 3173.72 3325.46 2954.81 1137.35 887.87 998.05 
4 3100.11 3231.94 2797.38 1256.07 1086.20 889.96 
5 3876.41 1622.42 1106.28 1292.35 1219.03 1037.53 
6 3693.41 1342.58 1433.93 1017.56 902.51 1029.02 
7 2698.53 1726.56 1700.85 1286.02 969.35 832.58 
8 2717.89 1390.58 1183.17 917.32 852.08 981.95 
9 2931.32 1583.96 921.03 1114.29 
 
886.84 
10 3005.27 1203.27 901.73 1037.29 
  11 
 
1234.90 1327.03 1047.54 
  12 
 
937.80 1085.67 1283.68 
                
Mean 3116.31 1898.50 1489.94 1120.06 956.38 914.25 
 
Table B. 2. Total organic P concentrations for the different spatial locations within the 
sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 325.71 370.93 467.29 609.15 459.56 554.52 
2 378.25 358.68 174.25 532.03 496.77 567.87 
3 536.58 390.33 329.61 502.08 592.24 494.35 
4 293.48 384.01 268.20 403.39 454.13 487.47 
5 493.29 384.31 544.70 396.60 502.43 648.76 
6 437.49 372.69 404.10 306.67 596.92 332.97 
7 341.21 394.98 235.43 325.09 417.09 479.76 
8 348.13 376.50 361.17 317.15 436.69 426.04 
9 457.45 360.27 447.77 300.67 
 
628.44 
10 461.61 424.81 591.86 473.12 
  11 
 
390.33 372.56 314.65 
  12 
 
380.66 467.80 415.33 
                
Mean 407.32 382.37 388.73 424.02 494.48 513.35 
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Table B. 3. Mehlich 3 P concentrations for the different spatial locations within the 
sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 269.2 209.7 114.2 122.4 178 179.3 
2 265.4 262.2 210.95 137.2 148.7 159.3 
3 289.1 262.9 276.6 147.45 125.5 186.5 
4 254.8 263.1 264.6 183.3 141.5 147 
5 313.2 94.9 83.7 191.8 213 176.3 
6 341.3 122.4 12.55 136.6 133.6 166.3 
7 238.2 174.1 239.4 224.1 156.4 105.2 
8 234.5 152.9 8.77 130 178.8 151.5 
9 300.7 176 116.7 178.9 
 
194.4 
10 307.2 159.6 107.2 124.1 
  11 
 
169.1 135.6 127.8 
  12 
 
148.5 100.1 223.3 
                
Mean 281.36 182.95 139.20 160.58 159.44 162.87 
 
Table B. 4. Amount of P sorbed by soil for the different spatial locations within the 
sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 286.44 367.87 498.43 371.68 228.83 271.23 
2 234.56 336.83 411.65 376.33 324.72 242.85 
3 284.33 364.51 342.17 348.53 376.97 278.53 
4 245.06 335.02 402.08 363.59 355.23 359.63 
5 370.64 378.44 498.90 302.94 299.99 304.18 
6 331.67 403.20 356.06 426.01 319.20 330.04 
7 317.74 362.43 241.96 283.34 280.50 462.29 
8 310.34 317.36 353.81 332.51 242.85 385.93 
9 243.40 329.90 382.89 333.08 
 
271.47 
10 216.58 385.03 347.69 347.76 
  11 
 
319.91 298.06 376.89 
  12 
 
355.23 411.51 374.78 
                
Mean 284.06 354.64 378.77 353.12 303.54 322.91 
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Table B. 5. Total Kjeldahl N concentrations for the different spatial locations within the 
sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 4874.97 3455.05 1807.79 2367.34 2544.18 2702.56 
2 4618.36 3434.94 2185.62 2583.69 2670.67 2122.13 
3 5011.39 4726.65 4621.55 3100.18 2566.17 2657.14 
4 5081.22 5108.39 5716.09 3499.34 2973.60 2543.55 
5 8306.71 2631.41 2775.55 3580.54 3614.49 3132.41 
6 8397.74 2948.57 4157.76 2918.89 2545.10 3072.34 
7 4454.07 3171.01 4073.24 3926.70 2833.49 2757.57 
8 4472.29 3079.98 4006.10 2952.00 2355.58 3130.45 
9 4820.30 2879.33 3261.13 3100.24 
 
2276.44 
10 4777.97 2343.22 3115.24 2722.21 
  11 
 
2249.85 2805.80 2875.56 
  12 
 
1967.03 2693.23 3125.44 
                
Mean 5481.50 3166.28 3434.92 3062.68 2762.91 2710.51 
 
Table B. 6. Mehlich 3 calcium concentrations for the different spatial locations within the 
sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 1938 1075 937 725 1063 1109 
2 2076 1477 1012.5 843 1191 1080 
3 2048 1820 1798 1506.5 1573 1613 
4 1988 1716 1753 1312.5 1716 1521 
5 2804 896 818 1936 2347 1505 
6 2932 827 1903 1692 1496 1743 
7 1589 1630 2025 2123 1581 1295 
8 1669 1580 2290 2090 1178 1749 
9 2088 1761 1870 1595 
 
1026 
10 2146 1355 1387 1392 
  11 
 
1388 1447 1438 
  12 
 
1259 1042 838.5 
                
Mean 2127.80 1398.67 1523.54 1457.63 1518.13 1404.56 
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Table B. 7. Mehlich 3 potassium concentrations for the different spatial locations within the 
sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 483.70 618.00 600.00 466.20 437.10 390.80 
2 530.00 638.00 577.50 394.30 341.10 271.20 
3 891.00 737.00 941.00 467.65 284.10 366.30 
4 846.00 829.00 772.00 497.50 247.50 259.10 
5 515.00 341.20 521.00 662.00 341.00 294.60 
6 535.00 380.80 695.00 432.60 322.70 335.10 
7 504.00 434.20 704.00 636.00 304.70 246.50 
8 516.00 562.00 324.40 253.10 307.50 306.60 
9 570.00 502.00 301.80 385.50 
 
376.10 
10 625.00 670.00 483.75 212.90 
  11 
 
483.10 506.00 227.70 
  12 
 
585.00 368.20 517.00 
                
Mean 601.57 565.03 566.22 429.37 323.21 316.26 
 
Table B. 8. Mehlich 3 magnesium concentrations for the different spatial locations within 
the sinkhole. 
Sample  
Number 
Base 
(282.7 m) 
Ring 1 
 (282.83 m) 
Ring2  
(283.28 m) 
Ring 3 
(283.97 m) 
Ring 4 
(284.03 m) 
Ring 5 
(285 m) 
 
---------------------------------------mg kg
-1
---------------------------------------- 
1 360.00 173.30 148.70 111.00 165.70 160.20 
2 378.40 189.20 172.80 121.40 177.70 145.60 
3 363.80 261.50 360.00 221.50 155.85 181.10 
4 314.70 249.50 278.30 176.85 160.20 138.80 
5 415.80 195.20 199.20 199.40 193.90 143.70 
6 457.70 150.80 305.60 201.50 184.30 193.90 
7 275.60 180.70 233.20 216.80 155.30 154.80 
8 268.00 178.30 276.70 180.80 111.70 187.90 
9 350.30 187.60 194.70 174.30 
 
141.80 
10 345.90 181.00 212.80 165.10 
  11 
 
179.80 187.70 116.70 
  12 
 
178.20 157.10 132.75 
                
Mean 353.02 192.09 227.23 168.18 163.08 160.87 
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Table B. 9. Total organic P as a percentage of TP for the concentric rings. 
  Base  Ring 1 Ring 2 Ring 3 Ring 4 Ring 5 
Sample  
Number        %        %        %        %        %       % 
1 10.80 12.80 46.93 57.92 55.26 69.69 
2 12.82 15.71 11.84 53.22 55.05 73.12 
3 16.91 11.74 11.16 44.14 66.70 49.53 
4 9.47 11.88 9.59 32.12 41.81 54.77 
5 12.73 23.69 49.24 30.69 41.22 62.53 
6 11.85 27.76 28.18 30.14 66.14 32.36 
7 12.64 22.88 13.84 25.28 43.03 57.62 
8 12.81 27.07 30.53 34.57 51.25 43.39 
9 15.61 22.75 48.62 26.98 
 
70.86 
10 15.36 35.30 65.64 45.61 
  11 
 
31.61 28.07 30.04 
  12  40.59 43.09 32.35   
       Average 13.10 23.65 32.23 36.92 52.56 57.10 
 
 
 
Table B. 10. Mehlich 3 P as a percentage of the TP for the concentric rings. 
  Base  Ring 1 Ring 2 Ring 3 Ring 4 Ring 5 
Sample  
Number % % % % % % 
1 8.92 7.23 11.47 11.64 21.40 22.53 
2 9.00 11.48 14.33 13.73 16.48 20.51 
3 9.11 7.91 9.36 12.96 14.14 18.69 
4 8.22 8.14 9.46 14.59 13.03 16.52 
5 8.08 5.85 7.57 14.84 17.47 16.99 
6 9.24 9.12 0.88 13.42 14.80 16.16 
7 8.83 10.08 14.08 17.43 16.13 12.64 
8 8.63 11.00 0.74 14.17 20.98 15.43 
9 10.26 11.11 12.67 16.06 
 
21.92 
10 10.22 13.26 11.89 11.96 
  11 
 
13.69 10.22 12.20 
  12   15.84 9.22 17.40     
       Average 9.05 10.39 9.32 14.20 16.80 17.93 
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Table B. 11. Spearmans ρ values and p-values for soil P correlations. 
Variable 1 Variable 2 
Spearmans 
ρ p-value 
Total Phosphorus Total Organic Phosphorus -0.4227 0.0006 
Total Phosphorus Mehlich 3 Phosphorus 0.6313 <0.0001 
Total Phosphorus Phosphorus Sorbed -0.0581 0.6513 
Total Phosphorus Mehlich 3 Potassium 0.7126 <0.0001 
Total Phosphorus Mehlich 3 Calcium 0.4891 <0.0001 
Total Phosphorus Mehlich 3 Magnesium 0.6966 <0.0001 
Total Phosphorus TKN 0.7629 <0.0001 
    Total Organic Phosphorus Total Phosphorus -0.4227 0.0006 
Total Organic Phosphorus Mehlich 3 Phosphorus -0.1982 0.1194 
Total Organic Phosphorus Phosphorus Sorbed -0.1022 0.4252 
Total Organic Phosphorus Mehlich 3 Potassium -0.2893 0.0215 
Total Organic Phosphorus Mehlich 3 Calcium -0.2681 0.0337 
Total Organic Phosphorus Mehlich 3 Magnesium -0.2139 0.0923 
Total Organic Phosphorus TKN -0.2987 0.0174 
    Mehlich 3 Phosphorus Total Phosphorus 0.6313 <0.0001 
Mehlich 3 Phosphorus Total Organic Phosphorus -0.1982 0.1194 
Mehlich 3 Phosphorus Phosphorus Sorbed -0.5133 <0.0001 
Mehlich 3 Phosphorus Mehlich 3 Potassium 0.5634 <0.0001 
Mehlich 3 Phosphorus Mehlich 3 Calcium 0.4768 <0.0001 
Mehlich 3 Phosphorus Mehlich 3 Magnesium 0.4862 <0.0001 
Mehlich 3 Phosphorus TKN 0.605 <0.0001 
    Phosphorus Sorbed Total Phosphorus -0.0581 0.6513 
Phosphorus Sorbed Total Organic Phosphorus -0.1022 0.4252 
Phosphorus Sorbed Mehlich 3 Phosphorus -0.5133 <0.0001 
Phosphorus Sorbed Mehlich 3 Potassium -0.1036 0.4189 
Phosphorus Sorbed Mehlich 3 Calcium -0.3716 0.0027 
Phosphorus Sorbed Mehlich 3 Magnesium -0.2174 0.087 
Phosphorus Sorbed TKN -0.2042 0.1084 
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Table B. 12. Spearmans ρ values and p-values for other soil nutrient correlations. 
Variable 1 Variable 2 Spearmans ρ p-value 
Mehlich 3 Potassium Mehlich 3 Calcium 0.4786 <0.0001 
Mehlich 3 Potassium Mehlich 3 Magnesium 0.5573 <0.0001 
Mehlich 3 Potassium TKN 0.4848 <0.0001 
    Mehlich 3 Calcium Mehlich 3 Potassium 0.4786 <0.0001 
Mehlich 3 Calcium Mehlich 3 Magnesium 0.7478 <0.0001 
Mehlich 3 Calcium TKN 0.7528 <0.0001 
    Mehlich 3 Magnesium Mehlich 3 Potassium 0.5573 <0.0001 
Mehlich 3 Magnesium Mehlich 3 Calcium 0.7478 <0.0001 
Mehlich 3 Magnesium TKN 0.7776 <0.0001 
    TKN Mehlich 3 Potassium 0.4848 <0.0001 
TKN Mehlich 3 Calcium 0.7528 <0.0001 
TKN Mehlich 3 Magnesium 0.7776 <0.0001 
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Appendix A 
Soil Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 126 
 
 
Figure A. 1. Spatial distribution of the mean total P concentration of the soils within the 
sinkhole and error bars. 
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Figure A. 2. Spatial distribution of the mean total organic P concentration of the soils 
within the sinkhole and error bars. 
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Figure A. 3. Spatial distribution of the mean Mehlich-3 extractable P concentration of the 
soils within the sinkhole and error bars. 
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Figure A. 4. Spatial distribution of the mean maximum P sorption capacity of the soils 
within the sinkhole and error bars. 
 
 
  
Maximum P Sorption Capacity 
 130 
 
VITA 
Dustin Cody Graham was born on February 8, 1985 in Fayetteville, Tennessee. He attended 
Lincoln County High School and graduated in 2003. He received his Bachelor of Science degree 
in Natural Resources Management from the University of Tennessee at Martin in May, 2007. He 
received his Master of Science degree in Environmental and Soil Science in December, 2009 
from the University of Tennessee at Knoxville. 
 
 
 
 
 
